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ABSTRACT

Models for Efficient Automated Site Data Acquisition

Magdy Ibrahim, Ph.D.

Concordia University, 2015

Accurate and timely data acquisitifor tracking and progress reportirgessentiafor efficient
managemenandsuccessfuprojectdelivery. Considerable research wahnlas beerronductedo
develop methods utilimg automatd site data acquisition for tracking ampaogressreporting
However, these develoentsare challenged bythe dynamic and noisy nature odnstruction
jobsites the indoor localization accuracy; and the data processing and extraction of actionable
information. Limited research workattempted to studyand developcustomzed design of
wireless sensor networks meet the above challenges anercome limitations ofitilizing off-

the-shelf technologies

The objective of this research is to study, design, configure and develop fully customized
automated site data acquisitiorodek, with a special focus arearreattime automated tracking

and control of constructiomperationsembracing cutting edge innovations in wireless and
remote sensing technologies. In this context, wireless and remote sensing technologies are
integrated intwo customized prototypes to monitor and collect data from construction jobsites.
This dda is then processed amiined to generatemeaningfuland actionablenformation. The
developed prototypesre expected tchave wider scope of applications in construction
management, such as improving construction safety, monitoringcomelition of civil

infrastructure and reducing energy consumpimobuildings.



Two families of prototypes were developed in this resear@dnsor Aided GPS (SAGPS)
prototype, which islesignedand developedbr tracking outdooconstruction operations such as
earthmoving and Self-CalibratedWirelessSensorNetwork (SGWSN), which isdesignedfor

indoor localization and tracking of construction resources (labor, materials and equipment).
These prototypealong with their hardware and softwaaiee encapsulated in @mputaional
framework The framework houses a set of algorithms coded in C# to enable efficient data
processing and fusidhat support tracking and progresporting. Both the hardware prototypes
and software algorithms wengrogressivelytested, evaluated and-designed using Rapid
Prototyping approach. The validation processhef developed prototypesncompassethree
steps(1)si mul ati on to validate t heeATLAB,@2) laboratgye s 6
experiments to evaluager ot ot ypes 6 f utimg and ¢3) tadting tory scaled casee a |
studies after finguning the prototype design based tire results obtained from thigrst two

steps

The SAGPS prototype consists of a microcontroller equipped with GPS modulelaasia

number of sensors such as accelerometer, barometric pressure sensor, Bluetooth proximity and
strain gauges. The results of testing tlevelopedSA-GPS prototype on scaled construction
jobsite indicated that it was capable of estimating projecgpess within3% mean absolute
percentage error ant$o standard deviation on 16 trials, in comparison to the standalone GPS
which hadapproximatelyl2% mean absolute percentage error 2#tdstandard deviation. The
SCWSN prototype incorporates two main tie@s. The frst is the use othe Kalman filtering

and smoothing for the RSSI sigrtalprovide more stable and predictable signal for estimating

the distance between a reader and aThg.€condis theuse of a developedynamic patHoss

model which ontinually optimizes its parameters to cope with the dynamically changing

de



construction environment usirfarticle Swarm Optimization (PSO) algorithm. The laboratory

testing indicated the improvement in location estimation, where the produced locaticatesstim

using SC_WSN had an average error of 0.66m in comparison to 1.67m using the raw RSSI
signal Also the resultsndicated60% accuracy improvement in estimating locatiassg the
developed dynamic modeélhe developed prototypes are not only expetagduce the risk of

project cost and duration overrulbg timely and early detection of deviations from project plan

but al so enables project manager s neareattomb.ser v e
It is expected that the accuracy bétdeveloped hardware, can be achieved on-Ergkereal
construction projects. This is attributed to the fact that the developed prototype does not require
any scalable improvements ots hardware technology, nor does it require any additional

computaibnal changeto its developedalgorithms andoftware.
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Chapter 1: INTRODUCTION

1.1 General

Timely and accurate data acquisition is essential for any effective project tracking and control
system.Based on current practice in construction projects, two methods are commonly used for
data acquisition: manual and semautomated methods. Theseethod can be utimely,
subjective andexpensive Considerable research work has been conducted to develop methods
utilizing automated site data acquisition for tracking and progress reporting. However, these
developments are challenged by: the dynamic andynuasure of construction jobsites; the
indoor localization accuracy; and the data processingluding extraction of actionable
Information Limited research work attempted to study and develop customized design of
wireless sensor networks to meet thevabohallenges and overcome limitationsreftedoff-

the-shelf technologies.

In 2014, over than 1000 construction management professionals and practitioners from the USA
and Canada, participated in a survey of IT technologies used to support construction project
collaboration(JBKnowledge, 2014)The results indicated that 75% of survey respondents use a
manual or spreadsheet process to collect and transfer data from construction jobsites as shown in
Figure 1-1. Only 19.3% used a dedicated IT solution, most of them use mobile apps for
smartphones or tablets that track one aspect of field operations, such as time entry, plan viewing,

crew alert and GPS location.



Data Collection on Construction Jobsites

Manual Process I /4.10%
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Custom Solution [N 19.60%
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Figurel-1: Data Collection on Construction Jobsi(@BKnowledge, 2014)

1.2 Problem Statement

Efficient management of construction operations relies on accurate and timely monitoring,
tracking and reporting of onsite progre$here is congierable need to improve current practice
and to advance research amtomatedsite data acquisitiono address this challeng&he
limitations of the state of the art in automated site data acquisition articulate the problem in this
field. Theselimitations in relation to this research are clustered in four main areas: outdoor

tracking, indoor localization, data organization and processing, and hardware customizations.

For outdoor tracking applications, GPS and radio frequency identification R&tbnologies
had been utilized for tracking of earthmoving operati@gkishibani & Moselhi, 2010; Hildreth,
Vorster, & Martinez, 2005; Montaser & Moselhi, 2012b; Navon & Shpatnitsky, 2005;

Vahdatikhaki & Hammad, 2014However, thesenethods suffer from the following limitations:

1 Utilizing GPS data (location, spd, and distance) as the only source of information,
might not be able to capture the big picture of the earthmoving operation nor accurately

distinguish between productive, idle and out of service times.



1 Utilization of fixed RFID readers at gates of diidg and dumping sites is cumbersome in
linear projects such as road and highway construction.

1 GPS and RFID data cannot confirm whether the truck is actually fully loaded.

1 The accuracy of these systems can be impacted with low GPS accuracy at urban

constriction jobsites.

For indoor localization applications, researchers experimented with multiple wireless
technologies, such as radio frequency identification (RFID), ultra wideband (UWB) and wireless
local area network (WLANJErgen & Akinci, 2007; H. M. Khoury & Kamat, 2009; Montaser &
Moselhi, 2014; Saiedeh Navameh Razavi, 2010; Rueppel & Stuebbe, 2008; Soltani,
Motamedi, & Hammad, 2013; Teizer, Lao, & Sofer, 2003¢veral challenges with indoor

localization hadeenidentified:

1 Passive RFID tags suffer frotheir short read range, which entails the deplogtred a
large number of tags and hence additional (dsti & Becerik-Gerber, 2011)

1 Ultra wideband (UWB) commercially available hardware is very costly and the
dedoyment requires installation of fiber optic cables for timing synchronizgéoyan
et al., 2011)

1 Wireless local area network (WLAN) aceagy had been reported by researchers to be
low; approximately #7 m with 97% confidencéahl & Padmanabhan, 2000; Deasy &
Scanlon, 2004; Elnahrawy, Xiaoyan, & Martin, 2004; H. Khoury & Kamat, 2007; H. M.
Khoury & Kamat, 2009; Woo et al., 2011)

9 Utilization of static pathloss models to estimate distances between readers and tags, is

not practical for dynamic and continualthanging construction environment.



As to data organization and processing, various data sources are utilized to capture a complete
picture of the orgoing construction operations, and to extract actionable information. The
utilization of multiple source of data provides a large amount of d&aibelman, Wu, Caldas,
Brilakis, & Lin, 2008) However, processing and reducing data to actionable information and
fusing the data from different sources remains as obstacles to achieving a practical automated

progress tracking in neaeaktime.

For the hardware customization, most of previous resemock focusedon the use obff-the-
shelf data acquisitionechnologies. Such use aohe size fitsall may not be efficient and

incapable of addressing the targeted needs.

This research is motivated to utilize emerging advancesnobile computing, wireless
communication and remote sensing technologies, to design and develop fully customized and

cost effective automated site data acquisition tools addressing thestéi@eehallenges.

1.3 Research Objectives

To address the challenges highlighted above, this research aims to study, design, configure and
develop fully customized automated site data acquisition solutions, with a special focus on
automated tracking and control cbnstruction projects embracing cutting edge innovations in
wireless and remote sensing technologies. This is to be achieved through the following sub

objectives:

1- Study previous research efforts made in the area of automated site data acquisition and
identfy gaps and limitation®f these effortsand the challenges the use of relatedff-
the-shelf technologiesExplore and experiment with wireless sensor networks (WSN)

and internet of things (IoTpr possible use in this field



2- Design and configure prototypes for outdoor construction progress tracking and control
with a special focus omarthmoving operationsalong withproductivity assessment and
analysis algorithms.

3- Select most suitable wireless technology for indoor locadizandbest RSSI smoothing
algorithm along withthe development o& dynamic patfloss model to improve the
indoor localization accuracy.

4- Develop seHadaptive algorithm for forecasting project cost at completammd an
algorithm for automated generatiof asbuilt schedules.

5- Test and validate functions of the developed prototysésy MATLAB simulation and

experimentsn laboratoryand outdoors environments.

1.4 Research Methodology

Figurel-2 illustrates the methodology to achieve the objective of this research. The methodology
is summarized infour stages: analysis stagepnceptualdesign stagedetailed design and
experimentalvalidation stage, conclusiomnd documentatiostage. The analysis stage began
with a problem statement and the definition of the objectives. Then, it focuses on performing a

comprehensive state of the art review on the following dasnain

1 Current practices project tracking and control.
1 Automated data acquisition technologies and techniques.
1 Emerging new technologiésr automated site datcquisition

i Data fusion models.

The conceptual design of theaimework was developezimbracing flexibility and adaability. It

encapsulas customized hardware prototypes and software algorithmsaicking and progress



reportingof construction operationSimulation anddboratory experimentre utilized to test,

evaluate and rdesign prototypes and algorithmsngsRapid Prototyping approach.
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1.5 Thesis Organization

Thisthesis consists of six chapters aeyenappendicesChapter 2 presentké literature review
Summary of thdimitations and gaps in previous research is presented at the end of that chapter.
Chapter 3 presesitthe research visignalong with the conceptual design of the developed
framework. An overview of developed framework is introduced, describing its medwiue
prototypes and software algorithms. Chapter 4 presents a detailed, desiong and validation

of the developed sensor aided GPS prototype-G®5) for outdoor tracking of construction
operations. Chapter 5 presedetailed design, testing andlidation of Self-Calibrated Wireless
Sensor Network(SGWSN) for indoor localization Chapter 6 highlights contributions and

limitations of the developments made in the thesis along with suggested future research work.



Chapter 2: LITERATURE REVIEW

2.1 General

This Chapter provides a literature review on current practices in data collection and
analysis using EV tool for track and control construction projects. It also presents an overview of
previous research efforts on automated data acquisition technoladi#isesr implementation in
the construction industry. A state of the art review for emerging new technologies such as
wireless sensor networks (WSN) and data fusion models and their applications in construction
management. Furthermore, indoor localizatechniques are described and their applicability on
construction jobsites. Finally, th&lentified gaps andimitations are outlined.Figure 2-1

illustrates the structure of this chapter.

Chapter2
|
21 22 23 . 24 25
o . Research efforts on automated site . . o
General overvie Current practices I Emerging technologies |Identified limitationg
data acquisition
Manual and Seri Automated
—  automated data . PR — Mobile Computing — WSN
: identification
collection
Earned Value Outdoor localization 3D Imaging and
- ] . H— 1 loT
Analysis and tracking Photogrammetry
— Progress Forecasting Indoor Iocall;atlon L | Visualization and| | | Data Fusion Models
and tracking BIM

Figure2-1: Chapter 2 Structure

2.2 Current Practices in Project Tracking and Control

Traditionally, Earned ValueManagement{EVM) is conducted, integrating time and cost to

measure the performance of a project by comparing its planned performance to the actual work



performed on construction jobsiteBVM works by comparingthree curves to display and
evaluate the project performancThese curves typically have S shape, and they namely are:
Budget Cost for Work Scheduled (BCWS), Actual Cost for Work Performed (ACWP), and
Budget Cost for Work Performed (BCWP), as showrFigure 2-2 (J. Li, 2004) The curve
representing the base line planned project is the BCWS curve. The actual expenditate is
represented through the ACWP curve. The third and final curve is the BCWP; it represents the

budgeted cost of the work that is performed to date, which is the actual value earned for the

project.
Accumulated Earned-value Chart
cost % A BCWS
100 ,
!
80 1= '
60 ACWP b it e S e

Total variance

¢ Cost variance
40 g R T R A e

20

Earned-value

| ! | | 124 | >
0 20 -»‘ '4— 60 80 100 % Time

Time variance

Figure2-2: Earned Value Metho(. Li, 2004)

The main challenge in applying EV is thelculationof the Budget Cost for Work Performed
(BCWP). Current practices utilize manual and semiomated method for site data collection,

then the data is analyzed to estimate the percentage of actual work confipigiext.controllers
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also utilize templates to measure percentage complete of varamsdruction tasks and/or
process on jobsites. Templates are developed to represent a set of control points and earning
percentages for each process as showmainle 2-1 (Moselhi, 1993) However, manual and
semtautomateddata collection and analysepproachesare subjective, expensive and time
consuming.Studies stimated thatiéld supervisory personnel spend betweerb@% of their

time on construction siteecording and analyzing field dafisicCullouch, 1997)and 2% of the

work on construction sites is devoted to manual tracking and recording of progrefSiasiti

et al, 2000) Suchpracticeleads to ineffective project management and credltee need for
automated solutionshat are accurate, efficient, timely and autonomous with minimal user

intervention(Sackset al, 2005)

Table2-1: Earned Value Templa{®loselhi, 1993)

Task | Work Content | Cumulative % Earned

Earthworks
01 Excavation 50
02 Backfill 60
03 Compact 90
04 Fine grade 95
05 Hand over 100

Foundations
01 Building 5
02 Formwork 50
03 Rebar and embedment 80
04 Pour 87
05 Strip cure and grout 95
06 Hand over 100

Forecasting is a frequent task performed by project managers from start to completion of their
projects. Accurate forecasts enable project management teams testianBtepotential impacts
on cost and/or schedule, and hence provide a room to take tamélynecessary corrective

actions. Several forecasting methods for project cost and duration at compieteimtroduced

10



These methods can be categorized as detailed estimates of remaining workpasebbx
stochastic, regressidrmased, and artificiahtelligence methods. Detailed cost estimation method
is used to estimate the cost thfe remaining workand hence forecast the project cost at
completion. The accuracy of this method is very highwever, itrequires substantial effort for

detailedquartity takeoffsof remaining work items and estimating their costs.

As for the indexbased forecasting methodsifferent equationsworking under different
assumptiondrave been utilizedo forecastproject cost and duration at completiaas shown

from Eauations (21) till (2-5) (Hassanien, 2002; J. lat al, 2006; Moselhiet sl, 2004)
However such method suffers from its general assumption that either the performance efficiency
achieved up to the reporting date remains unchanged throughout the rest of the project, or that
the performance will be as planned beyond the reporting (@dgkibani, 1999; Christensen,

1993; Fleming & Koppelman, 2000; Moselhi, 2011; Zwikatekl, 2000) Better forecasts can

be achieved by removing specific time periddsing which exceptional conditions are known to

have prevailed and are not likely to be repeated beyond the reportingldassanein & Moselhi,

2003)
%! # — (2-1)
$ — (2-2)
%! # — (2-3)
$ — (2-4)
%! #! #7ORAOA (2-5)

Where:BAC is Budget at CompletigrD is duration at completiorandPD is planned duration
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For thestochastic techniqueshe variability in the cost of individual activities within Work
Breakdown Structure (WBS$ expressed in terms of stochastic S curves, whate utilized to

provide probability distributions of forecasted cost at complgifaebes et al., 2014; Alshibani

& Moselhi, 2012; Barraza et al., 200@aron et al., 2013However, these stochastic methods

are more suitable when historical data of similar projects are available and when the duration of
the project is relatively long to establish distributions of the activities haot tespective

remaining work.

As for regressiomased methodshe relationship between tlaetualcost andime is modelled to
predict the project's Estimatg-Completion (EAC)YAliverdi et al., 2013; Narbaev & De Marco,
2014) However, for short term foresaing or witha limited numbef observations, regression
analysis is impracticalAlso the performance of such modelependsnainly onthe availability

of historical data of similar projects, and ttw@relationbetween the data usedthreanalysis.

For atificial intelligence methods, fuzzy logic and artificial neural networks (ANN) were

utilized to forecast project cost and duration at completiader uncertaintflranmanesh &

Mokhtari, 2008; J. Li et al., 2006; Naeni et al., 201However,the utilization of fuzzy logic
requires an expertoés knowledge to express the
numbersAlso, the application of ANN requires a large historical data for training and testing of

the network.

A recent study explored previous reseavebrks for forecasting cost at completion in both
construction and other industries, revealed that the construction industry has difficulties in
adequately importing advanced tools, and highlighted the need for future research emphasizing
the adoption of methadfrom other experienced fields to reflect more reliable and consistent cost

forecasting capabilitie@Narbaev & Marco, 2011)
12



2.3 Automated Data Acquisition

Previous research work @utomatediataacquisitionin construction operations can be grouped
in five main categories: Automated identificati technologies; Outdoor localization and
tracking; Indoor localization and tracking; Mobile computing; 3D Imaging and Photogrammetry
and Visualization and Building Information Modeling. Each of these categories is explained in

details in the following s#ions highlighting their advantage and limitations.

2.3.1 Automated Identification

Barcodesand Radio Frequency Identification (RFIBYe used fotracking pogress of structural
steelerection(Cheng & Chen, 2002)nsite data collection and information sharing between
project participantg§Tserng et al., 2005gand tracking of raterial delivery(Akinci et al., 2002;
Jaselskis et al., 1995; Lee et al., 2008; Montaser, 2013; Song et al., BOO&ver these
technologiesuffer from their limited read range, where barcodes read range is about few inches
and passive RFID read range is5Bmeters. Also the cost of RFID readersjuste high where

the reader costaround $1500. Furthermordietmanual scanningnd data angbis process is

time consuming.

2.3.2 Outdoor Localization and Tracking
Global positioning system (GPS), radio frequency identification (RRlawideband (UWB)
attitude and heading reference system (AHRS),vsidn based technologies have beditized

for progress tracking of outdoor construction operations.

Standaloné&PS technologyvasutilized totrack earthmoving operatiorgdishibani & Moselhi,
2007; Hildreth et al., 2005; Montaser et al., 2012; Navon & Shpatnitsky, ,2@@brackinghe

position of pipe spools on a construction projécaldas et al., 2006)However, there are a

13



number of shortcomings associated with the usage of standalone GPS. The acquired data are
limited to time and location, which sometimes makes it difficult to distinguish between
productive anddle times Also, trese records do not provide enouglestimate the quantities of

the excavated soil or confirm that the trucks are fully loaded.

As for Passive RFIDfixed readers installed at the entrance gates of loading and dumping sites
wereutilized for progress trddang of earthmoving operationsy recordng the entrance and exit

of RFID tags attached to dump trucddontaser & Moselhi, 2012bHowever, passive RFID

has a limitedreadrange of 3to 5 meters, which is not suitable for implementationmega
earthmoving operations or linear projectsich as road and highway construction, where there is
no entrance gates to the cut or fill locations, and equipment mamgseinér jobsite from several
directions without detection. Furthermore, RFID alone cannotd#te truck load, and in that

study, the dump truck was always assumed to be fully loaded.

For UWB, a combination of UWB integrated with AHRSaswised tocollect and proces
earthmoving equipment datand updat corresponding discrete eveaarthmovingsimulation

model (Akhavian & Behzadan, 2013However,the utilization of UWB for location tracking
specially on hauling routes is not applicable for real road construction projects due to the limited
range of the UWB (10@®00 m) (Teizer et al., 2007)Also, the results in this study shown
several errors regarding the loader ideal time and the operation totglbcabtm & Moselhi,
2014c) A novelframework for near regime simulationof earthmoving operatiortsgased on the
application ofUWB and/or GPSracking technologiewias developed encompassing a rule set to
capture details of tak and excavator operatiofgahdatikhaki & Hammad, 2014However,

thar prototype required some manual ddtandling and processing fomputting real time

location system (RTLS)les and averaging data over time.

14



As for computer visioinbased methodseveral studies have used video processing, including
object tracking(Brilakis et al., 2011; Kim et al., 2011; Park et al., 20GbjparvarFard et al.,
2013 and object recognitiofChi & Caldas, 2011; Joet al, 2011; Azaret al, 2013; Azar &
McCabe, 2012) However, computer vision methodsan fail under certain conditions,
particularly in visually noisy images common to construction sidso, thesemethod are

limited to the e of one camera, which is not adequate to cover large construction jobsites.

2.3.3 Indoor Tracking and Localization
In the construction management domain, several researchers have investigated indoor
localization using a wide range of technologies, whichbmudivided into three main categories

as shown irFigure2-3: (1) wave propagation based; (2) image based; and (3) motion based.

Infrared (IR)

WLAN

Wave Based RFID

UuwB

Ultrasound

Localization
Technology

Computer Vision

Image Based

Image Matching

Motion Based Inertial Navigation

Figure2-3: Indoor Localization Technologies
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For wave propagation based technologipsopagation modelsre utilizedto estimate the
distance between a transmitter unit and a receiver unit. Researchers experimented voiln multi
wireless technalgies specially radio frequenagentification (RFID), ultrawideband(UWB),
wireless local area network (WLAN). Each technology has its own inherited advantage and
disadvantage with relative to accuracy, cost, coverage range, deptoyageirements and
scalability (Mahalik, 2007) RFID had been used for object tracking without localization
(Goodrum, McLaren, & Durfee, 2006; Jaselskis et al., 198%) tracking with localization
(Ergen & Akinci, 2007; Montaser & Moselhi024) N. Li & Becerik-Gerber(2011) reported

that passive RFID tags are a cost effective solution for indmalization,however, theysuffer

from their short read range, which entails the deployment of a large number of tags and hence
requires additional cost. Researstindiesutilizing ultra wideband (UWB) had reported higher
localization accuracy of approxitedy < 1m (H. M. Khoury & Kamat, 2009; Rueppel &
Stuebbe, 2008; Teizer et al., 200@pwever the measurement accuracy is highly dependent upon
the line of sight of the point to be locatddryan et al., 2011) Furthermore, cost of
commercially available hardware is very high. WLAN is an attractive solution for indoor
localization de to its existing universal infrastructure availabiliylazuelas et al., 2009)
However, several researchers have reported its low accuracy to be apgpetkih7 m with

97% confidencgBahl & Padmanabhan, 2000; Deasy & Scanlon, 2004; Elnahrawy et al., 2004,
H. Khoury & Kamat, 2007; H. M. Khoury & Kamat, 2009Yoo et al., 2011)W. Jang &
Skibniewski 007) implemented combined radioefijuency and ultrasound architecture using
ZigBee wireless sensor modules for indoor position estimation. However, traditional ultrasound
positioning is limited by line of sight, which is challenging in complicated construction

environmentgShenet al., 2008) Combinations of RFID and ZigBee based sensor networks had

16



been experiment by researchers for materials tracking and supply chain managé¢@iemt

Kwon, Shin, Chin, & Kim, 2011; Shin, Park, & Kwon, 200T) these studies, RFID tags were
used for identification of construction materials, and ZigBee communication was arsed f
wireless data transfer. While, wireless sensor network (WSN) was only used in these studies for
data transfer, they confirmed the positive contribution of WSN on communication and network

flexibility.

Shahi et al(2013)developed a 3D marking method using UWB positioning system to track the
progress of both structural and mstnuctural activities on construction projects. The developed
method is able to quantify the progress of the a@iwvithat are not directly associated with the
addition or removal of physical entities on a site, such as the welding or inspection -of pipe
spools. This method also addresses another shortcoming of existinghatgedt models with

respect to detecting pgress for situations where thelaslt location is different than the as
planned location. Therefore, the 3D marking approach can be used as a progress data source in
progress tracking models, providing a unique dimension of site information that hlasemot
incorporated in the previous attempts at automating comistnyarogress tracking. Howevehe

utilization of UWB has a maihmitation due to wiring, calibration, and security, as explained in

detail in(Aryan et al., 2011)

Montaser & Moselhi 014)presented a detailed methodology on utilizing a low cost location
identification and material tracking for indoor construction using adtep algorithm. Their
proposed method utilizes UHF passive RFID technology for capturing spatial data in an indoor
environment. In this study, the wodctive area is divided into exclusive zones, and each zone is
spatially covered with a number of passive RFID tags. The user and material locations are

estimated using two different RFID methods (triangulation and piitRilmased on RSSI signal

17



measurement. A specially designed relational database was used to store and organize RFID
captured signals. The methodology was experimented on a construction facility in Montreal and
a lab environment. The results were compavet 5 different test beds in different construction

time intervals and 1 test bed in a lab environment. The results showed a mean error of 1.0 m and
1.9 m for user location identification and material tracking using the triangulation method,
respectivelyThe results showed a mean error of 1.9 m and 2.6 m for user location identification
and material tracking using the proximity method, respectively. The main limitations of the
developed methodology are the need to generate dgsstimodel for each typd tag used in

case of using the triangulation method, the variability associated with deployment of tags, the
uncontrolled influence of noisy signals and potential interference from equipment and/or

vehicles located betwedhe tagsand between tags ancetmobile reader.

Soltani et al.(2013) investigated the usage of active RFID technology for the localization of
movable objects (e.g. componeneguipment, and tools) equipped with RFID tags using
handheld readers by extending a Clusi@sed Movable Tag Localization (CMTL) technique
which uses a{hNearest Neighbor (NN) algorithm. CMTL uses a multidimensional clustering
technique that considethe signal pattern similaritypetweenthe targetand reference tags
together withthe spatial distributiomf reference tags for detecting the region where the target
tag is locatedThe proposed method uses artificial neural networks (ANNSs) for posiggaghe

target tag, as opposed to empirical weighted averaging formulas used in siNiNbised
methods. The proposed method adapts its performance to the environment and reduces the
deployment cost of dense RFtBgged environment, while achieving higtcaracy by adding

virtual tags (VRTs). The developed method was tested during the operational phase of a facility

using 20 target tags, the localization reswere comparedo the LANDMARC and CMTL
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methods. The average errors considering only centegsl iteside each room, which are
surrounded by four tags were 1.55 m, 0.77 m, and 0.38 m for LANDMARC, CMTL, and
CMTL+, respectively. However, the developed method showed an improvement of 38%
compared to LANDMARC, and 7% compared to CMTL considering altags. The developed
method utilizes irregular bilinear interpolation algorithm to simulate the RSSI for the grid of
VRTSs surrounded by real reference tags. The basic principle of the bilinear interpolation is that
the 2D interpolation is broken down intbree 1D interpolations. While the algorithm accosint

for nonlinearity in 2D space, it assumes that the RSSI distribution is linear in 1D space.
Moreover, ANN is applied as an alternative method for positioning, where RSSIs are processed
and then summatied i nto dissimilarity indicators (Db
target tags are stationary for the period of the training the ANN after each data collection step

and localization.

Li et al.(2015)proposed the development and application of a real time locating system (RTLS)
based on the chirp spread spectrum (CSS) techniguehis described in this paper for tracking

the real time position of workers on construction sites.eErpents and tests were carried out
both on and oftsite to verify the accuracy of static and dynamic targets by the system,
indicating an average error of within 1m. Due to the limitations of the construction site involved,
the developed system was omByrified in one wing of a public residential construction project in

Hong Kong for a short duration.

The second category of localization technology is image based localization, which utilizes image
matching and computer vision techniques for determining user's location. Image matching
detects distinguish visual patterns and characteristics in an inddosranent with images in a

databasé€Ferdaus, Vardy, Mann, & Gosine, 200Blpwever, image matchingpproach has low
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accuracy suchas room level accuracy, and it suffers from occlusions and changes in
environments. Computer visidrasedocalization methodstilize sensors, such as laser scanners
and video cameras for data acquisition and high processing power to prexesgd, and are

mostly suitable for robot navigatiditaneja et al., 2012)

The third category of localization is Motion based technologies, which utilizes acceleration and
heading measurements to determine an object's location relative to its last know location. This
approach utilizes sensors, such as an accelerometer to measeleration in three dimensional
spaces, a gyroscope to calculate the heading and a dead reckoning algorithm to fuse acceleration,
and heading directiofibrahim & Moselhi, 2015b; Randell, Djiallis, & Muller, 20Q3)nlike

radio frequencydcalization, motion sensing technology is independdnany infrastructure

(Gelb, 1974) However,the motionsensing does not provide high location accuracies, but the
accuracy can be improved by smart algorithms, which able to tadrét errors (Glanzer,

Bernoulli, Wiessflecker, & Walder, 2009)

A summary of localization technologies, adteges and disadvantages of the ahoeationed

technologies is presentadTable2-2.

Table2-2: Summary of Localization Technologies

Category | Technology Advantages Disadvantages Accuracy
Low power requirements| Only works with line of sight | Downto a
Low circuitry costs Blocked by common materialg few
Infrared Higher security Short range centimeters
Portable Light and weather sensitive
High noise immunity Low data transmission rate
W Usage of readily deploye( Coarse localization Downto a
ave . : .
Based infrastructure, reduced Requ_lr_es an_ofﬂlne phase _ few meters
cost Sensitive to interference, sign
WLAN i
propagation effects, and
dynamic environmental
changes
Low tagcost Limited localization accuracy | Downto a
RFID . - : :
Active tags are more Limited range with passive few meters
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expensive and require a
battery

tags
High reader cost

High data transmission
rate

Dedicated transmitt&eceiver
infrastructure

Downto a
few

uwB Capability for expansion | Require time synchronization| centimeters
in the number of devices| between nodes
used simultaneusly
Extremely high Require external Downto a
localization accuracies | synchronization few
Affected by ambient noise. centimeters
Accuracy affected by
Ultrasound propagation issues and NLOS
Speed of sound variations,
dependent on temperature an
other environmental condition
Hardwareneeded is Coarse accuracy Downto a
becomingcheapewmith Susceptible to occlusions and| few meters
off-the shelve componeni{ changes in indoor
Computer environments.
vision Very computationally
Image .
based expensive and memory
consuming.
Cumulative error buitup
Data sources are already] Completeprior knowledge of | Downto a
Image : . . A .
. available in security the fixed geometrical structur¢ few meters
matching
Systemcameras
Self-containment Drift inherent to sensors. Dependenbn
. : Resilience to Relative localization recalibration
Motion Inertial . - L
o environmental conditions| Require initialization and
based Navigation

Continuous update of

location estimates

calibration

Three main location estimation techniques had logiéped in literatureio locate an object using

radio frequency (RF): Trilateration, Scene Analysis and Proximity.

Trilateration is lased on geometric properties, whehe object's positions determinedby

measuring its distance from several reference pd@tncalo & Helena, 2009)Trilateration

method determines the position of a tag or reader using distance estimated at three reference

points. Consider a tag positioning problem in-B 8pace as an exampkgure 2-4 shows how

the tag position can be estimated using the trilateration method, where the range of the unknown
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tag to reference points (reader antena®1, yi1), P2(X2, Y2), andPs(xs, y3) areestimated as;d

d> and @ respectively.

“IN

Figure2-4: Tag Positioning using Trilateration

The location of the unknown tag, denoted asy[xcan be determined by solving the following

three equations

® 0 W Qh Q plghos (2-6)

As a result, the coordinate of the unknown tag is obtained as

(2-7)

As for scene analysis techniguehichestimateshe object's locationsing a predefined data set
of observations about the surrounding scene. Such method requires offline training phase and

data storage to maintain pdefined observation data, which is not practical for dynamic
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environments such as construction jobsiies & Retscher, 2009; Woo et al., 20119 this
technique, the locatoanf t he object is computed using fea
electromagnetic signal characteristics map defined by the attenuation of a transmitted signal from
mul tiple locations in the #Afield ofighawor é®
unigue to a given location and combination of receiyBrdusu, Heidemann, & Estrin, 2000;
Hightower & Borriello, 2001) The major disadvantage of this techniquéhis extensive effort

required to generate the signal signature database and reconstruct an entirely new database due to
significant changes in the environment which typically occur on a large industrial construction
project. Thus, this approach requireixad reader grid, a static signal transmission degradation

map, and much recalibration when the transmission space changes.

For the proximity method obj ect 6s di stance to reference po
its presence within a certamange is determineAryan et al., 2011) Therefore, proximity
algorithm is simple to apply, bdtasa coarse localization accura@y. Li & Becerik-Gerber,

2011) The proximity technique determines whether an object is near one or more known
locations, by monitoring physical phenomena with limited rangeh si$ physical contact and
communication connectivity to the scanner or access points in a wireless cellular network. The
method of constraints, accumulation arrays, Demy&3itafer theory, and fuzzy logic are some of

the approaches that can be used imldiglly or in combinatiorof proximity based localization
models(Caron et al., 2007)A crude variation on this approach is the center of gravity (COG)
analysis, where the COG of tlRSSIreadngs of a tag is used to estimate its location. In
LANDMARC, the concept of reference tags is introduced, which can provide reference
locations. Theknown locations of the nearest neighboring reference tags and nearness to the

tracking tag are used in computing the tracki
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advantages. First, the algorithm uses tags instead of more readers, whichredeaty the cost

of the systemSecond, the reference tags and target tags are in the same environment, and the
effect of environmental factors can be effectively-séttled. However, the algorithm has the
following drawbacks. First, it does not work Wwa&h a closed area with severe radio signal
multipath effects. Second, to further improve the localization accuracy, more reference tags are
needed, which is costly and may cause RF interference phenonidmowirtual reference tags

were used to achievehggher accuracy. These tags are virtually distributed linearly between real
reference tags, which increase the density of the reference tagTgmdkcationsof the virtual
reference tags are known and recorded, and their signal strength is estipaliegab
interpolation of that of the real tags next to them. The sensing area is divided into small regions,
and each reader maintains its own proximity map. As a result, the most probable location can be

estimated.

2.3.4 Mobile Computing

Previous studies of nbde computing for construction demonstrated that mobile computing
technologies have great potential to significantly improve various construction activities,
including material tracking, safety management, defect management, and progress monitoring.
The ptential improvement is largely attributed to the enhanced mobility of computing devices,
which allows users in any location to access and share important construction project
information in an efficient manner. The recent advent of smart phones strentiieeinend of

high mobility. The advantages of using mobile computing devices in the construction industry
have been well describe@Baldwin et al, 1994; Fayeket al, 1998; Kimotoet al, 2005;
McCullouch, 1997; Saidet al., 2002) Mobile computing devices have been used in the

construction industry for a numbef applications such agl) to develop a field inspection
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support system for civil systems inspectig8sinkpho & Garrett, 2003)2) to develop a pen

based computer field application of an automated bridge inspection s{Siteanka & Bell,

1997) (3) to provide collaborative and inforn@t sharing platformgKim et al., 2013; Pena

Mora & Dwivedi, 2002) (4) to use mobile computers to capture data for piling wifkard et

al., 2003) and(5) to use PDA in construction supply chain management sys{disesrng et al.,

2005) Montaser & Moselhi(2012a)presented an automated nedblogy utilizing BIM 4D
modeling and tablet PC for progress reporting in construction jobsites as Blguwe2-5. The

tablet PCwasused to collecthe as built progress data using RFID data, barcode data, images,
notes, sounds and video clips. The collected data is then used to update project status on the 4D

model, which is subsequently used for comparison with the as planned conditions.

Barcode Roador  RFID Reador Wireless
Button __Button (Wi-Fi & Bluetooth)
= : 10.4" (L) x
106" (W) x
1.3-2.3" (H)

Power Switch

Camera Button
(Videos & Images)
§_RFID Reader Button
Barcode Reader Button

As Planned (4D
Figure2-5: Tablet PC and BIMMontaser & Moselhi, 2012a)

2.3.5 3D Imaging and Photogrammetry

3D imagingis used for a range of applicatioesch & the creation of accurate-asilt models

andthe rapid surveying of highways and mines. Laser Detection and Ranging (LADAR) is a 3D
laser scanner that is mainly used for spatial measurement. Other applications include surveying,
earthmoving operationsjonitoring the progress of concrete casting, highway alignment, paving

operations and construction quality cont{blytle, 2011) Bosche et al(2008 developed a
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method of inferring the presence of model objects in range images. Their approach focused on
the comparison of a 3D image of a construction scene with a simulated scan of a 4D building
model using similar scan parameters. The approach wassstidbe demonstrated in a steel
construction project, as shownhigure2-6. Turkan et al(2013 presented a system integrating

3D object reognition technology and schedule information into a combined 4D elgesetd
construction progress tracking system. During the construction of a reinforced concrete structure,

they performed and extensive field study to investigate the performance p$tiim s

Photogrammetry is the extraction of the geometrical properties of an object from photographic
images(Styliadis, 2007) The value of photo images is that they can obtain information about
texture and color, which is an advantagétmtogrammetrypver laser scannin@hu, German,

& Brilakis, 2010) Fard & PefiaViora (2007)develgped a methodology for construction progress
monitoring that leverages the large number of photographs that are already taken on construction
sites for production documentation. By analyzing imagery taken daily, ebtused visualization

can be generatedhich compares the 4D 4muiilt data with the 4D aplanned data within a

common user interface.

Photogrammetry and 3D scanning was integrated to track changes for work accomplished.
Integrating 3D imaging an&hotogrammetrynitigates the limitations associated with each of
them individually, such as the number of scans required and the time needed for each scan to
produce satisfactory results during the 3D modeling pros®mari, 2008; Moselhi & El

Omari, 2007) Khosrowpoura et al(2014) presented a new method for activity analysis of
construction workers using inexpensive Microsoft Kinect RGBensors. The developed
method has an average accuracy of 76% and a maximum accuracy of 92% in activity analysis for

interior operationsHowever, the sensor is affected by direct sunlight, and the sensor coverage is
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limited to 5 m, and hence multiple sensors are needed to cover several work areas but
interferences need to be managed. Furthermore, occlusions andtéoattions affect the

accuracy of detecting body postures.

[ J
48
AN
LACAAX

)

! Object expected and recognized

- Object expected but not recognized
Object not expected

Figure2-6: 3D Scan and 3D Model Object Recognit{@wosche et al., 2008)

2.3.6 Visualization and Building Information Modeling (BIM)

The National BIM Standard defines a Building Information Model (BIM) as a digital
representation of the physical and functional characteristics of a f4&hstmaret al, 2008)
BIM is a shared knowledge resource for information about a facility that forms a reliable basis
for decisions during its life cycle, which is defined as existing from theestdonception to
demolition. A basic premise of a BIM #&collaboratioramong different stakeholders at different
phases in the life cycle of a facility, which involves the insertion, extraction, updating or
modification of information in the BIM to suppt and reflect the roles of that stakeholder. One
of the advantages of a BIM over a 3D AutoCAD format is that the objects in the BIM are

parametric, are linked to each other, and contain a variety of attributes. Thiglongdvantage
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of the BIM may jusify the permanent attachment of sensors, such as RFID tags, to a number of
key componentgMotamedi & Hammad, 2009)The permanent RFID tags can be used for
mateial tracking at the manufacturing and delivery sta(feazavi et al., 2008)for progress
tracking during the construction stage, and for maintenance during the entire life cycle of the

component.

4D BIM is a visual represéation that combines an object oriented 3D BIM model with time. 4D
BIM is information visualization that is easier to understand than traditional methods. 4D BIM
models are a form of visual representation of a project that also takes into consideration the
temporal aspect of how project teams plan to actually build a project, according to construction
schedulegHartmannet al, 2008) 4D BIM could be used strategically by-eite management

for progress visualization and presentation, locating equipment such as material hoists, checking
access/openings for equipnmerstorage visualization and the utilization and estimation of
guantitiesMoreover, 4D BIM can assist site personindbrainstorming sessions and discussions
about access, storage and sequencing of w@ikauet al, 2005) Better visualization facilitates

team collaboration in removing logical errors in construction operations. Owners of the
constructed facilities may have little experience in constructioeqs) and are often unable to

truly participate in the construction plan development process unless a simple method of
visualization and communication is made available to tiikemg et al, 2007) Montaser &
Moselhi(2012a)presented an automated methodology utilizing BIM 4D modeling and tablet PC
for progress reporting in construction jobsites as shoviigare2-7. The method integratéke

project scheduland BIM, a 4D model is generated to simulatglanned construction sequence

A tablet PC is used to collect the as built progress data using RFID dataddoaata, images,

notes, sounds and video clips. The collected data is then used to update project status on the 4D
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model, which is subsequently used for comparison with the as planned conditions. An example
project wasconsidered to apply to thproposé methodology oma construction jobsitef

research laboratory building in the west end of Montreal.

Barcodo Reador  RFID Roador Wireless
Button Button (Wi-Fi & Blugtooth)

104" (L) x
10.6" (W) x
1.3-2.3" (H)

Powor Switch

3 Camera Button
(Videos & Images)
RFID Reader Button

Figure2-7: Four Dimensional ModgMontaser & Moselhi, 2012a)

2.4 Emerging Technologies

Recent advancement in computing and information technologies has presented tremendous
opportunities for better automation the construction industryThese technologies present
advanced methodologi@s data acquisition, capable of gatheringsite data wirelessly in near
reattime. Wirelesssensornetworks (WSN) and Internet of Things (loT) have many potential
applications in constructioprojectmanagement, sucs building automation, project tracg

and control, job site safety, and civil infrastructure monitoring. Vi&S&quippedvith a number

of sensors and communication devices, which provide the capability to automate and integrate
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multiple data sources. WSN (hardware and software) configaraihighly dependable on their

potential application objectives and required performance.

The idea othe internebf things (I0T) was developed in parallel to WSNs. The term internet of

things was devised by Kevin Ashton in 1999 and refers to uniqdehtify objects and their
virtual represenitiakeonstimctanr eii nTheea nkemnt er net
machineto-machine (M2M) technology enabled by network connectivity and cloud
infrastructure, to reliably transform data into useéfuh f or mat i on. The value
gathering data, but also its ability to make better decisions. The potential for 10T applications in a
wide range of industries has grown massively in the last couple of years due to the declining cost

of sensors, annectivity, and data processing power, which is making the return on investment

for 10T projects become more appealing.

2.4.1 Wireless Sensor Networks (WSN)

A WSN can generally be described as a network of nodes that cooperatively sense and may
control the envbnment, enabling interaction between persons or computers and the surrounding
environment. The development of WSNs was inspired by military applications, notably
surveillance in conflict zones. Today, they consist of distributed independent devicesethat u
sensors to monitor the physical conditions with their applications extended to industrial

infrastructure, automation, health, traffic, and many consumer areas.

Research on WSNs dates back to the eB®80s, wherthe United States Defense Advanced
Reseech Projects Agency (DARPA) carried out the distributed sensor networks (DSNS)
program for the US military. Even though early researchers on sensor networks had the vision of

a DSN in mind, the technology was not quite ready. More specifically, the sevex@rsather

30



large, and the number of potential applications was thus limited. Furthermore, the earliest DSNs

were not tightly associated with wireless connectivity.

Recent advances in computing, communication and releciromechanical technolodyas

realted in a significant shift in WSN research and brought it closer to the original vision. The
new wave of research on WSNs started around 1998 and has been attracting more and more
attention and international involvement. The new wave of sensor netvearcé puts its focus

on networking technology and networked information processing suitable for highly dynamic ad
hoc environments and resowoenstrained sensor nodes. Furthermore, the sensor nodes have
been much smaller in size and much cheaper i paied thus many new civilian applications of
sensor networks such asvironmentalmonitoring, vehicular sensor network and body sensor

networks have emerged.

WSNs nowadays usually include sensor nodes, actuator nodes, gateways and clients. A large
numberof sensor nodes deployed randomly inside of or near the monitoring area (sensor field),
form networks through setfrganization. Sensor nodes monitor the collected data to transmit
along to other sensor nodes by hopping. During the process of transimissiutored data may

be handled by multiple nodes to getthe gateway nodafter multthop routing, and finally

reach the management node through the internet or satellite as sHeigura?-8.
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Figure2-8: Wireless Sensor Networks

The sensor node is one of the main parts of a WSN. The hardware of a sensor node generally
includes faur parts: the power and power management module, a sensor, a microcontroller, and a
wireless transceiver. The power module offers the reliable power needed for the system. The
sensor is the bond of a WSN node which can obtain the environmental and edusfaien A

sensor is in charge of collecting and transforming the signals, sadtelerationvibration and

position into electrical signals and then transferring them to the microcontroller. The
microcontroller receives the data from the sensor amdegses the data accordingly. The
Wireless Transceiver (RF module) then transfers the data, so that the physical realization of

communication can be achieved.

Generally, a WSN consists of a number of sensor network nodes and a gateway for the
connectionad the internet as shown kgure2-8. The general deployment process of a WSN is

as follows: firstly, the sensor network nodes broadcast their status to the surroundings and
receive status from other nodes to detect each other. Secondly, the sensor network nodes are

organized into a connectenetwork, accordingo a certain topology (linear, star, tree, mesh,
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etc.). In order to expand the coverage of a network, the sensor network useblomulti
transmission mode. That is to say the sensor network nodes are both transmitter and receiver.
The frst sensor network node, the source node, sends data to a nearby node for data transmission
to the gateway. The nearby node forwards the data to one of its nearby nodes that are on the path
towards the gateway. The forwarding is repeated until the datesarat the gateway, the

destination.

Data aggregation is the process of integrating multiple copies of information into one copy,
which is effective and able to meet user needs in middle sensor nodes. The introduction of data
aggregation benefits bothawing energy and obtaining accurate information. The energy
consumed in transmitting data is much greater than that in processing data in sensor networks.
Therefore, with the nodeds | ocal computing an
madeto remove large quantities of redundant information, so as to minimize the amount of
transmission and save energy. In the complex network environment, it is difficult to ensure the
accuracy of the information obtained only by collecting few samples affdah the distributed

sensor nodes. As a result, monitoring the data of the same object requires the collaborative work

of multiple sensors which effectively improves the accuracy and the reliability of the information

obtained. The performance tfe dah aggregation protoca$ closely related to the network
topology.

A number of research efforts have investigated the use of WSNs for building management
(Grindvoll et al., 2012; Huang et al., 2008; Jang et al., 2008n&iMeyer, 2005; Osterlind et

al., 2007) The application of WSNs has been extended to building auton{&gog et al., 2008;

Huang et al., 2011; Huang et al., 2008; Makt&tal., 2008)
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Also, someresearch efforts have investigated the use of WSNs for infrastructure monitoring.
Sadeghiooret al. 014)developed a methodology for leak detection in water pipelines using
wireless smart sensor networkidheir developed method is able to monitor the condition, in
particular the pressure and hence leaks, ofeduwater pipelines. This method allows easy
installation of the sensor nodes the pipesvi t hout jeopardizing the pi
Their advantage over other commonly used leak detection methods is that they have a degree of
redundancy as imddual faulty nodes do not render the whole system obsolete and allow for

continuous monitoring without operator intervention.

Jang & Skibniewsk{2007)implemented a tracking architecture using wireless sensor modules
by combining radio frequency signals and Ultrasound; the results showed accurate position
estimations with enhanced tm®rk flexibility. However, traditional ultrasound positioning has
some disadvantages, includingine-of-sight transmission, multipath, high cost and power
consumption, whichmay hinder the possible applications in complicated construction
environments(Shen etal.,, 2008) Various combinations of RFID and Zigbbased sensor
networks have also been applied for materials tracking and supply chain mana@&mesttal.,

2011; Shin et al., 2007)These studies confirmed that WSN can improve the wireless
communication and networfexibility, but their primary use was only data transmission, and
not positioningShen & Lu(2012)investigated the application of ZigBéased WSN for indoor
positioning and tracking of construction resources. fle@ positions oflite mobile nodewere
determined by applying the RSSI method and the trilateration algorithm. However the RSSI
values were susceptible to application environments, which presented difficulties and challenges
to implementation of such positioning methodoésgin complicated and dynamic settings in

construction.

34



2.4.2 Data Fusion Models in Construction

Data fusion refers to the combining of information froraltiple sources in order to improve the
quality of information obtained separately from each source. ltiliged to make inference
decisions about the state of a construction project based on data from different sources. For
informed decisions and objective assessments of progress at a construction site, data from a
number of sources must be combined becauseall of the necessary information can be

captured using a single data source.

In recent years, a number of studies have considered-seuakior data fusion models in order to
capture a more complete picture of the progress of a project by using iiformequired from

GPS, RFID, and other sources of information for tracking and locating construction materials
(Cheng & Chen, 2002; Ergen & Akinci, 2007; Moon & Yang, 2009; Razavi, 2010; Soalg

2006) With the development of all of these technologies, a large amount of data can be collected
from construction sites bogemiautomaticand semcontinuous However, challenges related to

the processing and reduction of data to produce meaningful conclusions and the fusing of data
from a variety of sources remain obstacles to the achievement of a practical and comprehensive

automated progredsacking solution for construction sites.

Studies of data fusion for the particular application of automated progress tracking in
construction projects have focused primarily on automated etgeagnition model$¢Chenget

al., 2012; Golparvafard et al., 2013; Y. Turkan et al., 20E8)d on automated objetacking
modds (Khaleghi et al, 2013; Shahandashti et al., 201These objeebased models have
shown promising results for projects in which progress is tracked in terms df guauitity of
materials or objects, such as stkamed building construction, where the progress of the

building project is reported in tons of steel installed; in such a context, recognition of the number
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of objects that have been installed provideadequate level of detail for that type of progress
tracking. However, many activities on construction projects, entail specific elements (welding,
inspection, etc.) that are not associated directly with the movement or addition of a physical

entity at thesite and therefore cannot be tracked effectively using object based models.

Shahiet al. 0149 and Shahi(2012) presented an activiljased data fusion model, which
incorporated an Ultra Wide Band (UWB) positioning system to track activities in a construction
project. A field experimentation, sty on an industriatype building construction project was
conducted to validate the model presented in this research. The scope of the experimental
program was limited to ductwork, HVAC, and piping activities on the project. It was noted that
the numbeiof changes occurring during construction may be significantly higher for piping and
industrial projects in comparison to steel or concrete building construction. The significance of
the design change variability is that although automated object recogaititbmaterial or asset
tracking algorithms that use the 3D CAD or BIM model gwiari information may be accurate

for concrete or steel structures, they may be ineffedtivieacking the progress of piping and

many other mechanical and electrical seggifound throughout most projects.

2.5 Summary and Identified Limitations

The literature was reviewed in areas pertinent to automated data acquisition technologies, indoor
localization and data visualization. The literature review was conducted with prime focus on the
impact of those areas on the development of efficGendmaed site data acquisition models

The following gaps and limitations are identified accordingly:

1 While a significant number of researchers have investigated the field of automated site data

acquisition, in all cases the focus has beemnsing off-the-shelftechnologies Off-the-shelf
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technologiesare produced to meet the perceived needs of a particular market or application.
Where theirgenericfeatures are designed as a one size fitsvaich may noform a perfect

fit for complex applications such asnstructionoperations.

Although WSN technologies promise a grpatential for applicationg construction, little
research has been pursued to develop customized and flexible automated site data acquisition
models for tracking angrogresgeportingon construction operations

Outdoor aitomated progressacking and reportingnethodswhich arelimited to only one
source of data such &PSor RFID. Might not be able toapture a complete picture of the
orrgoing construction operations.

Standalone G® and RFID based earthmoving tracking methbdge a main underlying
assumption that the hauling units are loaded to their full capacity, which is not a valid
assumption in mangasesespecially in a situatiowhere a carry back is building up on the
truck bedas shown irFigure2-9, decreasing the carrying capacity of the truck and wasting a

considerable amount of fuel.

Figure2-9: Truck Carry back Buildup
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1 Standalone GPS tracking methods accuracy might be impacted with the limited GPS
accuracy in urban construction jobsites due to limited satellite reception as Eiguve

2-10, or even complete failute report the progress in case GPShardwaremalfunction.

\’Accuracy, GDOP%

Gaomomc D:Iul:on ol Pmc:s:on
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Figure2-10: GPS Accuracy in Urban Locations (Cosyeof Agi.org)

1 StandaloneGPS data alone is not enough to distinguish betwa#areht modes of
operations ofconstruction equipment, farxample, itmight not be possible to distinguish
betweentrucks queuing for loading or the loading activity itseif a situation similar to the

settingshown inFigure2-11.

Figure2-11: Truck Loading Queue

1 Several heavy constrticn equipment such as excavators, stay stationary for long durations

while executing their work. Location sensing alone cannot give a direct indication whether
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they are operational or ideal. Detection of equipment interaction and poses is essential to
identify the various modes of operations of such equipment.-tteal measurement of
durations spent by each equipment with respect to their mode of operation enables
contractors to optimize their operation and fleet configuration intireal to maximize thie

profit.

Expensive technology suas On Board Instrumentation System (OBIS) and its black box
format, prevents users from accessing its respective algorithms and modifying it as they see
fit. Also, thesesystems store data in propriety data formats, and the stored data is often
difficult to access without using the vendor specific software.

In the literature, there is a lack of data fusion algorithms for neaitineal productivity
analysis.

Automated pogress tracking and reporting described in literature lacked the collection of
contextual datasuch as weather conditian$his type of datas important for realistic
productivity analysis and @nables btter estimates on future jobs.

Several researche studied the utilization of various technologies for indimmalization,
especiallyradio frequency and wirelegsrotocols While each technology has its own
advantage and disadvantage, there is no experimental analysis studies to guide the selection
of best performing wireless protocols indoor.

Received signal strength (RSSI) is affected by the several interferences sualki gsath

and shadow fading interference, which causes fluctuations in the measured RSSI signals. In
literature moving averagelter is commonly used to remove noisem measured RSSI,

however it has several limitations such as time lag and the removal of important feafures
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the original signals. Therare no experimental studies to compare the performance of
different filtering techniques for RSSI, and their effect on the localization accuracy.

1 The fundamental key for reliable and accurate indoor location estimapathitbssmodels,
which are used to convert measured received signal strength (RSShdrtmrresponding
distances.Researchers commonly conduct laboratory experiments in an offline phase to
construct static patltoss modelsUsing a static path loss model might be valid for a constant
environment, where minimal changes in the physical layotheobuilding. However n the
presence of moving resources, metallic objects and structural bastadis patHoss models
produce poor distance estimatis.order to alleviate sudmpact, smart and adaptive path
loss models are required to cope wiibe fastchangingconstruction jobsitesnvironment.

1 Indoor location estimation imwo dimensional spaces is not practiéat multiple floor
jobsites There is a need fathree dimensionaindoor localization systesfor accurate

tracking of resources dmgh rise building projects.

Chapter 3: PROPOSED FRAMEWORK

3.1 General

The aim of this chapter is to provide a comprehensive overview of the developed framework
with a specal focus on automated trackirand progress reporting of construction operations.
The researchvision and approaclare presentedhighlighting the main concepts of rapid
prototyping, objective driven design and modular configuratiigure 3-1 depictsthe main

sections othis chapter.
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Figure3-1: Chapter 3 Overview

3.2 Research Vision and Approach

While a number of researchers hasanductedin-depthstudies inthe field of automated site
data acquisition, imostcasesthe focus has been arilizing off-the-shelf systemsThe vision
for this researchwas formed based on the identified knowledge gaps and current practice

limitations described in section 2.5.i$kision can be summarized fdlows:

1 Fundamental experimental studiegth various sensors and wireless protocals
laboratory and outdoor environments to test, validate and assist in the design of
automated sitdata acquisition prototypes.

1 Design ofadaptable, flexible and cost effective automated site data acqusititutypes
integrating various sensor technologies to address limitations othes$helf

technologies.
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1 Study and experiment witliariousRSSI fltering techniqueso assist in the selection of
the best RSSI filter to improve indolmcalization accuracy.
1 Design and validatea self-calibrating anddynamic patHoss model tocope with

continuouschanges in the construction environment.

This researle vision was guided by three main principles:

1 Rapid prototyping to speed up the development and enable continuous improvement in
the design.

1 Objective drivendesignto ensure a structured mechanism for setting the design
objectives and the performance m&as of the prototype.

1 Modular configuration to provide the flexibility for customized project configuration and

enables raisability of hardware components in order to cut the development cost.

3.2.1 Rapid Prototyping Approach

The use of the rapid prototypitgchnique in mobile wireless systems differs from the traditional
techniqueused inmechanicakngineering, in this context, rapid prototyping is mainly associated
with the experimental implementations and development of hardware and software prototypes. In
this research, rapid prototyping is utilized to allow development of prototypes in lakr and/o
simulation virtual environment. The hardware functions are tested and valigatgdimulation

and lab experimentsiIn this way, an economy of time and material are obtaireds
fundamental that the design of the hardware prototype architectueeftexible for necessary
modifications required for system optimization. The choicthefArduino UNO microcontroller
boardfor developing prototypes in this researclb@sed on two main factors. First, its low cost

(about $25)ombined with itgyreat pocessing capacity, operating at 16 MHz clock frequency
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and executing up to 16 million instructions per second (MIR®)ich makes theprototype
sufficiently efficient for implementations of complex softwargorithmsrequirel for onsite
data acquisitionAn overview of the Arduino MO characterizes and size is showrFigure3-2

andTable3-1.

Figure3-2: Arduino UNO Microcontroller Board

Table3-1: Arduino UNO Microcontroller Characteristics

Microcontroller ATmega328

Operating 5V

Voltage

Digital 1/0 Pins 14 (of which 6 provide PWM
output)

Analog Input Pins 6

Flash Memory 32 KB (ATmega328)

Clock Speed 16 MHz

Length 68.6 mm

Width 53.4 mm

Weight 25 ¢

Second, Virtual Breadboard Emulation Package for Arduino hardware enables virtual utilization
and designing of ArduindJNO microcontroller in real time wittHardwareln-Loop (HIL)
techniques. The HIL technique is commonly used by the aerospace industafaime
simulationand development of embedded mobile robotic control{&edin, 2001) The Virtual
Breadboard package is able to emulate progwams on the board, which listens to commands

arriving via serial port, executehy@ commands, and, if needed, returns a reslko,
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SIMULINK® and MATLAB® support running program algorithms on Arduino for control
system and robotics applications and then simulate to verify that your algorithms work during

simulation as shown iRigure3-3.
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Figure3-3: Simulink® Support for Arduino
3.2.2 Objective Driven Design

The initial step of developing a prototype is to identify the requirements and objectives
governing the system operation. An objective driven development approach forms system goals
based on initial functional directives, and then elaborates and refemss dbjectives until they

have been broken down into functions that can be achieved by single modules, forming the
requirements specifications. By ensuring that the requirements specifications achieve-all high
level objectives, this approach provides acm@e criterion for sufficient completeness of

requirements specificatidihamsweerde, 2001)

The initial list of objectives is generally a hitgwvel absract description of therototype target
application The developer then identifies sabjectives, consideringow each objective can be
achieved. This results in a hierarchy of goals, which are then regrouped by similarity to produce
syst emo s itiek. sequence of steps then formedo further refine the objectivesaeh

step is either an action or an event. Every step lists data inputs and outputs, as well as data
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processing algorithms involved, and interfaces between the prototype and sumgound
environment. When designing wireless sensetwork prototypes for applications in automated
site data acquisition, two major classes of design objectives must be considered; network

architecture and application requiremeftisahim & Moselhi, 2014e)

The network architecture requirements contain the physical and logical organization of the
network as well as the density of the sensor nodes. In general, the objective of sensor networks is
to efficiently cover the deployment area. The logical and hiki@ktorganization of the network

also impacts energy consumption and the selection of communication protocols. In addition,
based on topology requirements, sensor networks can have a distributed organization or a
clustered organization, where selected esoodcan handle data forwarding. The network
architecture requirements for construction applications can be determined by answering the

following questions:

1 What type of network topology best fits the application? (@~rene, ongo-many,
manyto-one or may-to-many?)

1 How will the monitoring network work? (Masielave, pointo-point, pointto-
multipoint or peeito-peer?)

1 What are the worst case ambient conditions in the coverage area?

1 Are there any known potential interference problems due to phydistiuctions, RF

interference?

The application requirements identify thaformation to becollected and processed lblye
sensor networkThis datashould be classified and quantifiedsed on the type of the data and

the required sensors for collectingcbBudata These classificationscan be achieved by a
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comprehensive analysis of thargetedapplication. Based on the application requirements,
configurationsof individual sensor nodes can be identified whiattables the selection of the
sensors ancdommurcation protoca. The following questions can help to determine these

configurations

1 Whatis the Quality of Service requirements of the application? (Does it require real
time monitoring or delay tolerant monitoring?)

1 Does the system continuously p@k the information (periodic monitoring) or is it
generated by exception (evdrdased monitoring)?

1 What is the type of the data, i.kacation, proximity, tilt, heightetc?

As a result of answering the above mentioned questions, the design objeaties determined
by the network topology, architecture and application requirements comprehensively. Full
consideration of different sensor network options and th@ywill fit the targeted application is

critical for a successfulevelopment

3.2.3 Modular Configuration

Designing and configuring a WSN prototype to work seamlessly for various applications with
little user intervention is not a simple task. In fact, it is difficult to design a platform that can
satisfy a wide range of applications without siaarng performance. The user has to reprogram
the microcontroller to read a specific digital or analog port connected to a sensing element.
Reprogramming the sensor platform's microcontroller to use a given sensor element could
involve a very daunting seqoce of tasks including learning the embedded operating system,
MCU architecture, middleware, application support layer, @ouche, Hassanein, & Obaia,

2014)
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The target users of the prototypes developed in this research are the construction project
management community, and therefore we cannot assume that the users of such systems have a
strong background in electrical engineering. Therefore, it is desiraliteitohe input sensors to

a predefined set of simple "plug and play" modules. The software interfaces should also share
this characteristic of simplicity while maintaining flexibility. The user should not be required to
learn a new programming languageorder to use the system. The cost of the platform must also

be sufficiently coseffective to justify its use.

The vision of his researchis to develop amodular hardwaredesignto make the rapid
prototyping, easieras well as to allow for quicker resign and the ability to reuse some of the
hardware modulesSuch approach enablesredesign theprototype to adaptto different
applicationswith relative easeThe main features of these modules are low cost, small size, and
easy adaptation to differenplications. The modular platform used in this research consists of
threelayer as shown ifrigure3-4. This modular platform is divided into threenfttional layers:

processing, communication, and sensing.

Sensing

/
/,"
/
a Mommumcmon
. .

Processing

Figure3-4. Modular Configuration

This modular desigenable its users to simply plug a sensing module andthboard software

auto detect the hardware module and enablesftaare configuratiomnd algorithms.
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3.3 Automated Framework

The developedramework for automated projetitacking and progress reportimgcompasses

two types ofdata acquisitiorprototypes as shown irFigure 3-5. The firstprototypeis Sensor
Aided GPS (SAGPS), which is designed for tracking outdoor activities such as earthmoving
operations. Thiprototypeconsists of a microcontroller equipped WEPS module as well as a
number of sensors such as accelerometer, barometric pressure sensor, Bluetooth proximity and
strain gauges. Thisonfigurationis able to overcome standalone GPS limitations through data
fusion of sensor data with the GPS data, awhin turn enhances progress assessment and
productivity analysisThe detailed description of the SABPS prototype developments for this
prototypeis presented in chapter #he secondorototypeis SeltCalibrated Wireless Sensor
Network (SGWSN), which s designed for indoor localization and tracking of construction
resources (labor, materials and equipment). Tgrstotype is able to enhance the indoor
localization accuracy by consistently adapting its parameters to cope with the changing
construction ewironment.The detailed description of the S&SN prototype developments is
presented in chapter Bontextual datare collectedvith respect to weather conditions using a
cluster of sensors integrated into a weather station. The details of the westbercetmponents

are presenteth Appendix A.

The data acquisitiomprototypes collect the ofsite progress data and send it to the progress
measurement and productivity analysis algorithiiee captured data is utilized to estimate the
actual progress, hich is then compared to the-planned baseline progress, using earned value
analysis (EVA) to measure the projectds perfc

for analyzing the measured productivity and the contextual data to identify amhgnbokis.
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Then, the progress reports are generated and the project cost and duration at completion are

forecasted.

Automated Site Data
Acquisition Models

Sensor Aided GPS

Progress Measurement

VARIANCES for WORK COMPLETED TO-DATE

Progress Reporting

Self-CaIirated WSN

1

Contextual Data

Productivity Analysis

Figure3-5: Proposed Framework Conceptual Design

3.3.1 Data Management Scheme

In automated sitedata acquisition methods such as those cited in literature, data collection
schemes commonly use sensors or readers to relay raw data to a mobile computing unit. Such
raw data have little value in themselves and need to be processed to extract meaningful
information. The data collection scheme adopted in these methods suffers from a high volume of
data traffic toward the sink node, which creates a bottleneck and results in long processing times

(Figure3-6).

We propose a scheme that supports localized cooperation of sensor nodes to perform
complicated tasks, and-mmetwork data processing to transform raw data into high level useful
and actionable infonation. Toward this direction, data aggregation and processing, rendering its

value for near redime application. In the developed framework, sensory data are collected,
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aggregated, and interpreted at the sensor node level. This decreaga®gesstingime and

user intervention required for data analysis. The proposed scheme is composed of a gateway
node and multiple sensor nodes. The gateway node, which acts as an interface to théaystem,
sufficient computing power, essenta&alergyandmemory. Tle sensor nodes, on the other hand,

are resource constrained devices, running on batteries and performing actual data acquisition.
The sensor nodes are organized into a tree that routes data directly to the gateway node, as shown

in Figure3-6. Such a tree configuration facilitates data aggregation and reduces data routing.

Sensor

&Y Node DB |
PN Processor p—
Node
Typical
(::::)G&eway
Node

DB Database

[
© 009

Figure3-6: Data Managemer8chemes

3.3.2 Framework Input/output Interface

The developed framework had two main inputs: 3D Building information model, and resource
loaded schedule as shownFigure3-7. In this research, Autodesk Navisworks with Timeliner is
utilized to create the 4D moddlhe Autodesk process creating the 4D model consists of three

steps:

1 Add the project 3D model to the Navisworks project file.

1 Add the project saddule usinghe Navisworks Timeline module
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1 Link the 3D objects to the schedule activities.

' s AP Automated Progress
' Autodesk360@ ey Tracking Framework

| | &' =

q Planned State A\ AUTODESK

_ Actual State

Figure3-7: Developed Framework In/Out Interface

Aut odesk Bl M aZiéldnianafeiment sbftwars for 2D aB® environments that
combines mobile technologies (iPad) at the construction site with-blased collaboration and
reporting. BIM 360 Fiel§ enables remote access to projedormation by field personnel,
helping to improve quality, safety, and comnosing for constructiorprojects.Although BIM

360 FieldE offers some integrated reporting capabilities, they do not fully address the needs of
automated progress reporting. It requires field personnel to manually enter information regarding
the onrgoing @nstruction operations. To overcome this limitation, this resadiittes BIM 360

Field API to provide inputs forthe proposed automatelacking and progresseporting
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framework. In this context, BIM 360 Field API is used to exchange 4D model andumtiastr

site data through the Autodesk 360 cloud services.

3.3.3 Framework Structure
The developedracking andprogressreporting framework consists of six main modules as

shown inFigure3-8:

1 Automatedsite data acquisition module, which is responsible for site data collection
utilizing the two developed automated data acquisitpyototypes. These prototypes ae
especially designed fotracking construction activities using low cost open source
microcontrollers anda numberof sensors(lbrahim & Moselhi, 2013a)A detailed
description of the developguiototypes is presented in cpheers 4 and 5.

1 Input datamodule, which is responsible for extractitige plannedactivities and their
plannedinformation such as: work zonestart dates, end dates, durations, planned
guantities,marthours, resources, and productivityVork zones are eated based on
layout pointsreated at the design and planning phases, vitxekpointsare marked on
objects in 3Dmodel usingAutodesk Revit. Then ontractorsat the execution phase can
alsocreate points on almost any object and export gogdtions to automated site data
acquisition using Autodesk Points LayBusoftware. Project plan data along with
guantities are extracted from the 4D modeing the BIM 360 Field APband fal
automatically to the databasg brief description of C# codetilized for connecting to
the BIM 360 Field API and extracting the data is presented in Appendix B.

1 Database module, which is responsible for storing processed data in a relational SQL®
database. The upper level of the database represents a project@migygted to activity

entity through one to many relationship. An activity entity represents the project scope of
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work on time phase. Then a many to one relationship is used to link an object entity to an
activity entity. The object entity includes geonnedt properties of this object such as
length, surface area and volume based on its activity units of measurement. Also an
activity entity, is linked with a one to many relationship to resources entity, where each
resource has a unique id that is usedracking of this resource during the execution of

the project. This id is the MAC address of the attached tag on the resource. The details of

the databasare presenteih Appendix C.

A d Site Data Acq
Module:
, Database Module: Progress Assessment Module:
Soei':::;i-lc;r:dcgggs « Planned Data B e gompare Planned Vs Actual
| ¢ Actual Data < P>+ Calculate Percentage Complete
* Contextual Data » Calculate Performance Indices
* Previous Periods Progress
Indoor Tracking A A

SC-WSN Planning Module:
* Planned Activities
¢ Planned Work Zones
¢ Planned Dates
* Planned Resources

Contextual Conditions e Planned Quantities
Sensing e Planned Productivity
A Update
= |
= |
' Schedule
v ' sy = +—

Productivity Analysis Module:

* Actual Vs planned Productivity

+ Resources Utilization & Contexual
. - - Conditions

hl A”} = Bottlenecks Identification

« Duration at Completion

. Forecasting Module:
.‘s Cost at C leti
‘ I&f p-| ° CostatCompletion ra—

@y  Planned Data

|
| |
Progress
=  Actual Data : w |
I OUTPUT > :

Figure3-8: Proposed Atomated Progress Tracking Framework

1 Progress assessment module, which is responsible for comparing the actual progress

gathered from the esite data after applying the data fusion algorithms with the planned
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baseline progress. The module utilizes theedwvalue management (EVM) and progress
templates for measuring the project performance. The module updates the baseline
schedule with the actual progress to generate automaticabyilascheduleglbrahim,
Germain, Guevremont, Forcier, & Moselhi, 201Bhe details of thelevelopedasbuilt
schedule generation algorithm is presented in Appeddix

Productivity analysis module, which is responsible for comparing actual and planned
productivity. It also associatesany deviation in productivity with the weather and
operating condition existed dhe siteand captured using the -@ite data acquisition.

The productivity deviation indices can be used for identifying bottlenecks and provides
better forecasting of project duration or for future estimafé® productivity analysis
module was designed for analyzing only earthmoving operation in this resd@deh
detailsof the developed productivity analysis algoritispresented in chapter 4.

Forecasting module, which is responsible for forecasting Hoerapletion project cost

and duration using the newly developed -seléptive forecasting techniq@irahim &
Moselhi, 2013b)It takes into account any productivity deviation encountered on site and
measured by the productivity analysis modilee module produsegperiodical progress
reports according to the period specified by the uEbe. selfadaptive forecasting is
applied to earthmoving productivity estimates in chapter 4 andetnelopedalgorithm is

described in details in Appendix

3.4 Summary

This chapter presesd the research vision areh overview of the developed framework. The

framework embraced integration and automation; utilizing wireless seeswork prototypes.

The rapid prototyping approach is used for the development of the WSN prototypes. The
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developed framework input/output interface described in details showingdimeimputs and

outputs of the developed framework, along with its six modules.

Chapter 4: SENSORAIDED GPS PROTOTYPE

4.1 General
The aim of this chapter is wescribe the detailed development, testing and validatigercgor
aided GPSrototypesfor automated tracking and progress reporting of construction operations

in outdoor environmengigure4-1 depictsthe main sections of thhapter.

Chapter 4

| | | | | |

’ N 43 ‘ 47 49 all ‘

Performance 45 Prototype Software/ Prototype Laboratory

General Measures Frototype Design Algorithm Validation Summary
42 44 4.6 4.8 4.10
Desien db'ecti\-’es Ex erime;ntal Study Hardware Assembly Framework Prototype Validation /
g ) ’ “Xp ey and Configuration Implementation Case Study

Figure4-1: Chapter 4 Overview

The developed protgpe is designed with a specfakus on earthmoving operation, however
can be easily reconfigured for other outdoor construction operations such as concreting, steel

structurepuildingenvelops, and | andscape éet c.

In order to follow the rapid prototyping and objective drivésign principles described in
chapter 3, ptotypes design objectives and performance measures are defined in the following

sections.

4.2 Design Objectives
The main design objectives for the £ Sprototypeare:
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1 To designprototypes for tracking earthmoving operatiovith a focus on improve the
accuacyand robustness.

1 To implement effective algorithms forath aggregation and processiogsupportnear
reaktime progress tracking.

1 Theprototypemust be able to work autonomously with minimal user intervention.

1 Extraction of timely and accurate actionable information avakimizang the usefl
utilization of collected data, to support near fale productivity analysis.

1 Theprototypemust be scalable for application on real construction jobsites.

4.3 PerformanceMeasures

The prototype development process requires a methodical and iterative approach through all
levels of data collection and analysis. The five main performance measurement are explained as

following:

91 Accuracy: The main performance measure in comgatite developecrototypeto
traditional methods is the productivity measurement accuracy. The higher the accuracy,
the better the system; however, there is often a -wéfdeetween accuracy and other
characteristics such as cost. The accuracy is measwdthe average error in the
productivity estimates.

1 Latency: The prototype latency is attributed to hardware, computing, and human
intervention/efforts during data transfer and processing. The propasedtype is
designed to measure the productivitynimar reatime, which requires fast and efficient

data processing with minimal human intervention.
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1 Scalability: The proposegrototypeis required to be deployed to any project size without
any need for further adjustment or development.

1 Robustness: Thprototyperobustness is defined by its ability to function normally even
when some signals are not available. The proppe&tdtypeis designed to have multiple
data sources from different sensors and be able to function even if some sensor data is
missingor corrupted.

1 Cost: The proposeprototypemust be cost effective with respect to traditional methods.

4.4 Experimental Study

To design prototypes for the data acquisition mgdmh experimental study was conducted in
laboratory and outdoor environments, iplere and testhe suitabilityof various sensors, and
wireless protocolsfor the intended applicationA university lab kit was purchased from
Libelium® (Spain). This kit included 7 microcontrollers, 18 sensors and 7 wireless
communication modulesThis experimental studynvestigate the functionality, accuracy,

robustness and range of various components of the Kkit.

4.4.1 GPSSensor
The GPS functionality is tested for the logging and reporting capabilities of accurate location for
the outdoor environment.hE prototype was programmed to report several parameters as shown

in Figure4-2:

1 Date and Time
1 Latitude, longitude in millionths of a degree and etvain meters
1 Course in degrees and speed in Km/hr.

1 Number of locked satellites and age of fix in milliseconds.
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1 Distance between last logged coordinates in meters.

1 Horizontal dilution of precision in 100ths.
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Date Time Lat Long Alt Course Speed Sat Age Distance Prec
15/07/2012 22:24:37  45.573101 -73.581169 57.5 19.2 11.11 7 71 3.66 110
15/07/2012 22:24:38  45.573131 -73.581138 58.1 32,6 17.04 7 119 432 110
15/07/2012 22:24:39  45.573169 -73.5811 58.6 35.5 23.52 7 160 4.97 110
15/07/2012 22:24:40 45.57323 -73.581039 58.8 36.2 30 7 21 8.17 110
15/07/2012 22:24:41 45.57331 -73.580978 59.1 35.5 33.52 7 68 10.45 110
15/07/2012 22:24:42  45.573379 -73.580909 59.9 35 33.15 7 117 9.13 110
15/07/2012 22:24:43  45.573448 -73.580848 59.9 33.5 29.82 7 197 9.29 110
15/07/2012 22:24:44  45.573539 -73.580802 58.7 32.2 24.26 7 153 10.86 110
15/07/2012 22:24:45  45.573589 -73.580757 58.1 30.6 17.41 7 97 6.72 110
15/07/2012 22:24:47  45.573631 -73.580741 57.7 25 9.45 7 51 4.53 110
15/07/2012 22:24:48 45.57365 -73.580726 57.2 19.3 5 7 96 2.74 110
15/07/2012 22:24:49  45.573661 -73.580726 56.9 12.7 2.96 7 140 1.52 110
15/07/2012 22:24:50  45.573669 -73.580726 57.7 359.3 0.19 7 18 0.95 110
15/07/2012 22:24:51 45.57368 -73.580726 59.5 347.1 0 7 62 114 110
15/07/2012 22:24:52  45.573688 -73.580726 61.2 3421 0 7 106 114 110
15/07/2012 22:24:53  45.573688 -73.580726 61.6 342.1 1.11 7 153 0 110
15/07/2012 22:24:54  45.573688 -73.580726 60.8 27.5 4.44 7 28 0 110
15/07/2012 22:24:55  45.573711 -73.580741 59.3 26.6 7.78 7 68 2.4 110
15/07/2012 22:24:56 45.57373 -73.580726 58.3 20 15.37 7 125 3.09 110
15/07/2012 22:24:57  45.573768 -73.580726 58.2 7.7 16.85 7 171 3.99 110
15/07/2012 22:24:58  45.573818 -73.580757 57.9 337.5 18.33 7 62 6.35 110
15/07/2012 22:24:59  45.573848 -73.580833 57.3 303.2 22.59 7 78 6.76 110
- -73.580909 57.3 294.4 29.08 7 119 6.85 110
74 7 43 9.98 110
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Figure4-2: GPS Tracking and Logging Field Test

DOP is an indicator of three dimensional positioning accuracy as consequence of relative

position of GPS satellites with respect to a GPS recehadne4-1 shows the range of values for
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the dilution of precision for the GPS and their meaning in respect to the location measurement.
The DOP of theéestedGPSmoduleranged from 2.4 t0.@, wherebetterDOP was achieved after

locking on 7 to 10 satellites as showrFigure4-3.

Table4-1: Dilution of Precision Values

DOP Value Rating Description
This is the highest confidence level to be used
Lessthan 1 Ideal applications demanding the highest possible precision ¢
times.
1.2 Excellent Positional measurements are considesedurate enough t
meet all but the most sensitive applications.
Positional measurements could be used to make reliab
2-5 Good L
route navigation.
Positional measurements could be used for calculationg
5-10 Moderate . ) .
more open view of the sky isquired.
10-20 Eair Represents a low confidence level. Very rough estimat

the current location.

At this level, measurements are inaccurate by as much a

Greater than 20 Poor
meters.

HDOP

12

B ﬂlU_’ WU I

—— Number of Satellites

Figure4-3: Measured DOP and Number of Satellites
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4.4.2 3 Axel AccelerometerSensor

The 3D accelerometer had been tested for the detection of aggressive driver behavior, and the

detection of dump action of hauling trucks. The aggressive driver behavior was tested on a truck

during a road test. 50 accelerations and braking runs were performed, of which 12 harsh

accelerations and 12 harsh brakes. The algorithm was able to detect 10 of the harsh acceleration

and 11 of the harsh brakes, with a detection percentage of 83.3394.&iéb6 respectively. The

higher detection accuracy in braking is due to the surge measured in x axis acceleration because

the accelerometaxperiences force pushing it to the front. This surge is significant even when

the brake is applied at low spedtigure 4-4 illustrates a sampleof the level of accelerations

measured during the test.

—Speed (m/s) —Speed (m/s)

—Acceleration {(m/s2) ——Acceleration (m/s2)

Harsh ;
Acceleration

Normal
Acceleration

. Normal /7 @ N/
Brake Brake

Figure4-4: Truck Operator Behavior Monitoring Field Test using-&#S

The dump action of hauling truck was simulated to calculate the tilt afdghe truck bed as
shown inFigure 4-5. The accelerometer measures the projection of the gravity vector on the

sensing axis. The amplitude of the sensed

the sensitive axis and the horizontal plane.
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The raw accelerometer signal was noisy and needed to be filtered. A moving average filter was
applied to the signal, where the window for the filter was varied from 0.1 to 2 seconds. It was

found out that a 1 Secdrilter removed the noise while keeping acceptable lag time.

Figure4-5: Accelerometer Installed on Hauling Truck

The test was conducted using the setup indicat€ibire4-6. The sensor was attached to a flat
piece ofcardboard, anglaced flat on the floor. The test starts by recording the readings of the
accelerometer in the flat position, andrthibe cardboard is lifted from one end for a tilt angle of

approximately 4bdegrees.

ADXL 355
Accelerometer #
Piece of Cardboard

Figure4-6: ADXL355 Accelerometer Test Setup
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The measured acceleration by the ADXL355 accelerometer in-lvasXs plotted against time

as
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Figure 4-7. The blue curve is the calculated tilt angle. A 1 second filter was applied to the

calculated angle value to smooth the readings and enable true detection as shown by the red

curve. The restd indicate that the average measured angle isi38effiees.
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Figure4-7: Accelerometer Test Results

4.4.3 Bluetooth Proximity

600

Bluetoothis used to detect equipmeprioximity to each other, therefore a test wasducted to

measurehe average proximity detection timé@/here,860 data sets were collecteddntdoor

environmentsith line of sight and notine of sight,Figure4-8 illustrates the histogram for the

proximity detection time in seconds. The average detection time was found to be 10.52 seconds.

Histogram of Detection time (Seconds)
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w
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Figure4-8: Bluetooth Proximity Detection Time
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The cumulative distribution function of the Bluetooth detection time illustrateéigare 4-9

shows that with a® confidence level, the detection time is 14.16 seconds.

Empirical CDF of Detection time (Seconds)
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Figure4-9: Bluetooth Proximity Detection Time CDF

In the context of detecting moving objects, it is important to calculate the maximum object
speel. Figure4-10illustrates the moving object speed verses the detection time window, given a
range of 100 m for the detection. It is possible to detect moving with an average speed up to 25

Km/hr withina 14.16 seconds window.
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Figure4-10: Moving Object Speed Vs Bluetooth Detection Time
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4.4.4 Barometric Pressure Sensor

The BMP180 barometric pressure sensor was tested to evaluate its performance for detecting
change in elevation. The test setup showRigure4-11 was utilized by placing the barometric
pressure sensor in position 1 for 30 seconds, and then placing it in position 2 for another 30

seconds.

0.75m

@ Lower Position
© Upper Position

Barometric
Pressure

Sensor
BMP180 (1)

Figure4-11: Barometric Pressure Sensor Test Setup

A 1 second moving average filter was utilized to smooth and remove noise from the sensor raw
measurement as shownkigure4-12. While the actual elevation difference between position 1

and 2 is 0.75 m, the calculated elevation from measured barometric pressure values, was 0.60 m,
which yield a 20% error as shown kgure 4-12. However, in the context of the proposed

application, this accuracy is adequate enough for the designed purposes.
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Figure4-12: Barometric Pressure Sensor Test Results
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The barometric pressure sensor was also tested for elevation estimation in-bioddi\g at
Concordia University. The sensor was carried during travellinganetavator as indicated in
Figure4-13. The elevation was calculated from the barometric pressure data using the following

equation:

¢ ‘

Oa'QL waQétetr oo — (4-2

Where P is the measured pressure in hPa @rsdtie atmospheric pressure at sea level
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Figure4-13. Barometric Pressure Test in Elevator
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4.4.5 Wireless Protocols

In order to experiment and investigate indoor propagation of different wireless networks, 21
experiments are conducted and 1752 data sets are recorded for more than 876 minutes (grand
total of all xperiments). All these experiments are performed in different scenarios either in

terms of number of nodes, distance between the nodes, line of sight and finally, in terms of

=)

topology i.e. straighline/grid as shown irFigure4-14.

L B

s

bt

;
(a) (b)

Figure4-14. Straight Line (a) and Grid (b) deployment
A Waspmote platform is used to build the mobile nodes for the experimentatiunk,includes
a microcontroller operating at 14MHz, 128 memory a wireless transceiver interface socket,
and a USB interface for device programming and logging. Each device operates on rechargeable
batteries. Its wireless interface socket is compatibith different communication protocols
(WLAN, Bluetooth, Zighee and Synapse SNAP) and frequencies (2.4GHz, 868MHz, 900MHz)

as shown irigure4-15.

P

Figure4-15: Waspmote platform mobile nodes
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Four wireless technologies are used in the experiments, in particular, Wireless Local Area
Networks (WLAN), Bluetooth, Zigbee and Synapse SNAP. Their technical details with respect
to frequency, output power, range, sensitivity and cost are summarizédbia 4-2. All
experiments are summarized Table 4-3. The setup for straighine experiments is shown in
Figure 4. The path is 20 m long, straight track with 20 waypoints with a distance of 1 m between
two consecutive waypoints. Two stationary sensor nodes are placed next to the track at 0 m and
21 m. Each experiment is repeafed each of the four wireless networks (WLAN, Bluetooth,
Zigbee and Synapse SNAP). The setup for grid setting experiments is shown in figine 5.

grid size changes from 3m x 3m to 6m x 6m, with a distance of 1 m between two consecutive
nodes. One statiany sensor node is placed next to the grid at 1 m and center of the grid. Each
experiment is repeated for each of the four wirefassocols(WLAN, Bluetooth, Zigbee and

Synapse SNAP).

Table4-2: Wirelessprotocolshardware

m};s\:gf’f Bluetooth Zigbee WLAN Synapse
Hardware Module (RR(mZ%)Network Xbee 802.15.4 (RF?&'/lrl\gll\)letwork RF300
Frequency 2.4 GHz 2.4 GHz 2.4 GHz 915MHz
Data Rate Kbps | 3x1024 250 921 150
Power dBm 15 0 10 20
Range m 100 90 75 250
Sensitivity dBm | -80 -92 -83 -99

Tx current mA 65 35 120 85

Rx current mA 35 50 38 18.5
Cost $24.95 $31.95 $39.95 $28.95

RSSI of data packets received by the mobile node is measured using a program written using
C++ and installed on the fixed node. In this program, a stationary node sends a PING packet to

the mobile node and the mobile node responds with another data fretkedntains the RSSI
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value with which the PING packet was received. The two stationary nodes send PING packets in
a strict rounerobin fashion to avoid packet collisions. Each node sends 3 packets per second,

which results in 3 RSSI samples per secondipk.

Direction of movement

> Mobile Node 21m

A ] [ O ) Y O N A, [ (O o O
| W A [P R I N - N R [N VNN R PN

Stationary Nod

|
|
X
e2

Figure4-16: Experimental setup for evaluation of wireless networks in a straight line setting
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Figure4-17: Experimental setup for grid setting

Table4-3: Experiments Scenarios

Exp. Nodes Dist. TX LOS Topology
# # (m) Level

1 3 1=>20 0 Y S.L
2 3 1=>20 0 N S.L
3 3 1=>20 1 Y S.L
4 3 1=>20 1 N S.L
5 3 1=>20 2 Y S.L
6 3 1=>20 2 N S.L
7 3 1=>20 3 Y S.L
8 3 1=>20 3 N S.L
9 3 1=>20 4 Y S.L
10 3 1=>20 4 N S.L
11 3 1=>20 5 Y S.L
12 3 1=>20 5 N S.L
13 3 1=>20 6 Y S.L
14 3 1=>20 6 N S.L
15 4x4 3 6 Y Grid
16 4x4 6 6 Y Grid
17 6x6 3 6 Y Grid
18 6x6 6 6 Y Grid
19 3X4 3 6 Y Grid
20 3X6 3 6 Y Grid
21  4X6 3 6 Y Grid

~
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Captured Data

| Localfile H Local DataBase H External Database ” Show me NOW

[ Start Sean | Cuse the gefined scan interval

Date Time Mac Address AP RSSI Vendor ~
13/02/2014 14:02:00 00:06:66:80:C6:82 rovingl 46 Roving Networks
13/02/2014 14:02:01  00:06:66:80:C6:82 rovingl 35 Roving Networks
13/02/2014 14:02:02  00:06:66:80:C6:82 rovingl 35! Roving Networks
13/02/2014 14:02:03  00:06:66:80:C6:82 rovingl 41 Roving Networks
13/02/2014 14:02:04  00:06:66:80:C6:82 rovingl 41 Roving Networks
13/02/2014 14:02:05 00:06:66:80:C6:82 rovingl 49 Roving Networks
13/02/2014 14:02:06  00:06:66:80:C6:82 rovingl 49 Roving Networks
13/02/2014 14:02:07  00:06:66:80:C6:82 rovingl 34 Roving Networks
13/02/2014 14:02:08  00:06:66:80:C6:82 rovingl 50 Roving Networks
13/02/2014 14:02:09  00:06:66:80:C6:82 rovingl 50 Roving Networks
13/02/2014 14:02:10  00:06:66:80:C6:82 rovin% 50 oving Networks
< >

’ PING Packet

3

Stationaryy < . Mobile ', ., Stationary
node : node node

| Rsséval “~_ RSSIValue __—
4

Figure4-18. RSSI measurement program interface

The collected datavas averaged angresented inFigure 4-19, which clearly show that the
received signal strength at each point is declining as expected. Even though, the declining rate is
inconsistent with all wireless technologies. For example titke rat 4 meters receives a weaker
signal on the incoming packets with Bluetooth and WLAN than the node at 5 meters. Also the
node at 7 meters receives a weaker signal on the incoming packets with Zigbee than the node at 8
meters. In all measurements Syrapgsmrdware showed more consistency in returning RSSI

values in declining order.
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Figure4-19: RSSI measurement straight line formation

A major source of error when measuring RSSI is due to multipath eff@ated by objects in

the environment. In the office environment, where the tests were performed, the radio
environment is likely to change between every measurement point as the room contains quite
many things that could cause multipath effects. Multipatindoor environment is caused by
multiple signal reflections from walls, ceilings and other objects as showigume 4-20. This

directly affects themeasured RSSI. Any type of reflected signal that can be additive or

destructive to the original signal is identified as multipath interference.
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Figure4-20: Multipath interference

As the signal strikes aobjective, it can react in sevenahys, creating reflection scattering,
refraction, diffraction or all of the above. Reflection is simply when the signal is reflected back
towards the transmitter. Scattering occurs when the signal is scattered baukistaive
transmitter into multiple new signals. Refraction occurs when the signal is bent as it passes
through an object and Diffraction happens when the signal changes direction as it passes around
an object. RF signal strength is reduced as it passesgtinrvarious materials. This effect is
referred to as Attenuation. As more Attenuation is applied to a signal, its effective range will be
reduced. The amount of Attenuation will vary greatly based on the composition of the material

the RF signal is pasgrthrough.

\ by 1
W/ W/

Figure4-21: Attenuation interference
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Using frequencies below 900 MHz can significantly improve connectivity in an indoor
environment as shown ifigure 4-21. Low frequencies also exhibit more uniform signal

propagation, which simplifies the network design and deployment problems.

Each antenna has its own radiation pattern that is not uniform. The measured RSSI value is
impacted bythe antenna orientatioof the transmitting and receiving nodes. To quantifg

antenna orientation impadhe average RSSI is measured at 24 diffedegrees with a fixed
receiver node and a rotating transmitter node at a 1m distance in a relatively dbstacle
environment (No obstacles making reflections within three meters). As shdviguire 4-22(a),

the radiation pattern of the antennasymmetricabnd suffersfom distortion with difference in

the measured RSSI. One of the main factors that cause the antenna orientation phenomenon is
the magnetic field othe antenna, which is distorted by the interference from nearby devices.
Figure4-22(b) illustrates the coverage range, which is calculated based on the radiaton. pat

Synapse has shown a wider and higher coverage range than the other three wireless technologies.

The results of the above experiments were scored on a level from 1 to 4, where 4 is the best and
1 is the worst performance in each cidess shown iTable4-4. The Synapse protocol has the

highest total score.

Table4-4: Wireless Protocols Test Summary

Bluetooth | Zigbee | WLAN | Synapse
RSSI \s Distance 2 4 1 4
Range 2 3 2 4
Attenuation 2 4 2 4
Cost 4 2 1 3
Total Score 10 13 6 15
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Figure4-22: Antenna orientation and range
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4.5 Prototype Design

The SA-GPS prototypeconsists of mobile units installed on equipment and gateway fixed unit
installed on construction jobsitdhe conceptual deployment of the developed prototypkeas/n

in Figure4-23. The mobile units collect data from each piece of equipment, and then data is sent
to the gateway fixed unit. The gateway fixed unit performs datproeessing and fusion then
upload the d&a to a remotelatabaseserver, where the final data processing and storage takes

place.

Fixed Unit

.

Figure4-23: Conceptual deployment &ensor Aided GPS Prototype

The rapid prototyping approach was utilizedealize the design for the SBPS, where a basic
version of he prototype was configuredissembledand tested From a data acquisition
perspective, the S&PS prototype consists of three main entities, namely; data sources, network
infrastructure, and datsinks. Data Acquisition Sources are sensors, which generates data
regarding the construction operations. These sensors are directly integrated to collect various
types of information about construction equipment utilization, and interactions, whichesequi
several levels of configuration and automation. Wireless network infrastructure to provide end
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to-end data routing and transfer. The function and performance of the network infrastructure are
a crucial key for realime application. Therefore, it wa®ry important to efficiently configure

and test its operation in lab experiments and outdoor environment. Data Acquisition Sinks are
entities for data aggregation, processing and fusing. They interact with the network infrastructure

to extract actionablenformation from raw data for later processing and analysis.

The required data acquisition entities for the developed prototype are illustradtigpliia4-24.

The developed prototype integrates redundant data sources to enhance its overall robustness.
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Figure4-24: Proposed SAGPS Entities

Selectig the sensor type depends on the hosting earthmoving equipment, data to be collected
and the physical pose or movement of equipment that need to be capabled!-5, illustrates

sensor configuratianfor some of the most common heavy equipment used in earthmoving
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operationsEquipment positions are captured by the GPS modules, excavator and loader boom
swing angle is sensed by accelerometer, excawatdrloader bucket height is sensed by the
barometric pressure sensor, truck bed tilt angle is sensed by accelerometer, and truck load weight

is measured by strain gauges.

Table4-5: Sensors Configuration f&arthmoving Equipment

Equipment Type Sensor Measured data

Tilt-sensing of truck bed.
Threeaxis accelerometer | Dynamic acceleration resulting from

Hauling Truck motion, shock, or vibration
Strain gauges Truck load weight
Piezoelectric sensor Truck bedvibration

Threeaxis accelerometer | Bucket tilt /boom swing

Loader / Excavator . .
Barometric pressure sensor Bucket vertical movement

Threeaxis accelerometer Blade tilt

Dozer (Two Sensors) Ripper tilt

Status of aprorhucket and gate

Scraper Limit Switches (Three) (open/close)

The fixed gateway unit is Bleshlium which isa Linux router which contain 5 different radio
interfaces: WAFi, Synapse SNAP3G/GPRS, Bluetooth artigBee The gateway has®0MHz
(x86) processor with 256MB RAM, and it hakree data storage optiomscluding 160GB
internal storag@s shown irFigure4-25. It can be powered bgolar andor battery.The gateway
is enclosed iran aluminum IP6%asing, whichallows plaing in harshoutdoor construction

environments
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Figure4-25: MeshliumGateway

The proposed communication scheme for the@?2S prototypeis depicted inFigure 4-26,

where Synapse SNAP communication protocol is used to transfer the data between the mobile
nodes and the fixed gateway node aftergata fusion and processing. In order to get the big
picture of the construction operatiotiata is post processed the gateway node, by aggregating

data from various mobile nodes and perform data fusion. Finally information gained from the

data fusion is transfer using wireless LAN to sehaseddatabaséhrough the internet cloud.

79



Mobile Node 1
GPS ==

== ] Pre-Data
FuSi on

Acc

Synapse
SNAP

Data Routing

Wireless/
LAN

INPUT

Mobile Node 2
15—

acc

Pre-Data
Fusion

Synapse

SNAP
Synapse
SNAP

Fixed Gateway Node

'Data Aggregation
\

s

BT

Acc

Synapse
SNAP

Mobile Node 3

Pre-Data
Fusion

Synapse
SNAP

Post-Data Fusion

Server Based Processing

Productivity
Data Input Analysis
Algorithm

Progress
Estimation
Algorithm

Autodesk 3609

Wireless/
LAN

Figure4-26: Prototype Communication Configuration

4.6 Hardware Assembly and Configuration

Three prototypes were developed: a loader mobile anitexcavator mobile unit, aral truck

mobile unit. The developed mobile unit prototype consists of a microcontroller with data logger,

Bluetooth module, GPS module, Synapse RF module and a power supply. The block diagram of

the mobile unit is shown ifrigure 4-27 and Figure 4-28. The description of each hardware

component is explained &dlows:
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Arduino UNO microcontroller, which is based on the ATmega328, it has 14 digital
input/outputs and 6 analog inputs. It is reasonably priced (about $25.00), and the

development software is open source.

Roving Networks (RN41) module is a Class 1 Bluetooth Module watihange of up to 100

m.

SkyTraq (Venus638FLPx) GPS module is a high performance, low cost, single chip GPS
receiver with low power consumption, high sensitivity, and a low-tiorférst-fix.

Adafruit Industries (DS1307) data logger, which has atiesd clock with backup battery

for up to seven years of timekeeping. It can fit any SD/MMC storage up to 32 GB.

Selected
Sensors

/,x'\“_\.
IC
\\//

\\\

RF
Module |

Logger
Memory

Microcontroller

Figure4-27. Mobile Unit Block Diagram and Hardware Prototype
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Figure4-29: SA-GPS Loader/Excavator Prototype Wiring Diagram
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The wiring diagram presented figure4-29 depict the assembly of the S&PS prototype for
loader / excavator type of equipment. In the Loaded/Excavator prototype-atisee
accelerometerrdom Analog Devices (ADXL335) is integted to measure tilt and swing of the
loader bucket and the excavator arm. Aksaother prototype for hauling trucks was developed

as shown irFigure4-30
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Arduino UNO

Accelerometer 5
(o}

fritzing

Figure4-30: SA-GPS Hauling Truck Prototype Wiring Diagram

4.7 Prototype Software/ Algorithm

Four software algorithms are developed on the mobile nodes microcontrollers, namely:
localization algorithm, proximity detection, payload volume estimation and data fusion

algorithm.
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4.7.1 Localization Algorithm

The localization algorithm is responsibfer identifying the work zone for construction
equipment based on the GPS ddwo localization algorithra aredeveloped in this research
Finely algorithm, and fuzzy-mean (FCM) algorithmIf the boundaries for the cut and fill
locations are knownFinley algorithmis utilized. The steps ofinley (2007 algorithm are

illustrated inFigure4-31 andFigure4-32.

Figure4-31. Finely (2007) Method for Solving Point in Polygon Problem

~ start
X = TestPoint.X
Y = TestPoint.Y
7
v =% Point Status = False
. End | i
T For Each Side of the polygon (Pi

and Pj)

!

Point Inside Point Outside N )
[ If ((Pi.Y<Y && Pj.Y>=Y) | |
T - (Pj.Y<Y && Pi.Y>=Y))

Yes No

|
No
\— If (Point Status = True) J tes

v

s , If (Pi.X+(Y-Pi.Y)/(Pj.Y-
Pi.Y)*(Pj.X-Pi.X)<X)

|
Next Polygon Side Yes

v No
Point Status = ! (Point Status)

A

Figure4-32: Point in Polygon Algorithm Flowchart
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If the boundaries of the cut and fill locations are dynamically changing as the case in highway
construetion, fuzzy Gmean clustering algorithm is utilize cluster GPSdata to identify
locations where loading equipment and spreading equipment spend more time, wthich in
dynamically identifies the cut and fill locationk case of malfunctioningensor on loading
equipment, uck data arealso clusteredwith respect to their location and speed to extract the
correct locationsA sample of GPS data for a dump truck was clustered using FCM algorithm

and two clusters were identified as showifrigure4-33.
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Figure4-33: FCM Localization Algorithm

4.7.2 Proximity ldentification Algorithm
Equipment proximitydentificationalgorithmis responsible to discover equipment and reference
areas such as entras@nd exits of jobsites. @htinues Bluetooth radio scannirgyutilized for

the proximity detectiomms shown irFigure4-34. The discovered equipment type is identified by
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cross matching their media access control (MAC) address againstafpred list stored othe

mi crocontrol | er 6 spreSidinedlestnsogengrated dy tde. planhihgealgorithm
from the planned resources. Timaximumproximity detectionrange is100m, howeverit can

be adjused using software parameters, which in turn control the power of RF transmitter on
seven levels from 20 to 12 dBm. This range is adjusted based on the size of the jobsite; a small

size will require a lower setting for proximity detection.

No device Found A > 4 Device Found

Re-Scan (

[ Nozguipment } 7 ' Look up device |
| inrange | J \
N S End of List N_ Unknown MAC
address

Next Device in List

Known Pre-defined MAC address

5t B
N\

/ ‘ Equipmentin
\—{ range I

\_ identified /

.
&

S

Figure4-34: Equipment Proximity State Diagram

4.7.3 Hauling Volume Algorithm

Hauling volume calculation algorithm utilizes the methodology present¢ddnget al, 2008)

which estimates truck's payload weight from readings of four strain gages mounted on truck's
suspension leaf springs. This feature enabigsroved progressracking accuracy using the
estimated quantities of sodxcavatedalso it enables alarming equipment's operator for any
overloading conditions, and hence protects the contractor from possible extra costs for fuel, tires
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and mechanical fiures. The weight at each suspension is calculated based on voltage signals of
strain gages. The total payload of the vehicle is obtained by summing load readings in all
suspensions; but resultant error can be very high. To reduce that error, a Kaknas dised to
account for nonlinearity in measurement. Once the payload is measured the volume of the
payload can be estimated based on the excavated soil propertiesudihsuspensions are
denoted as Leffront (LF), LeftRear (LR), Righttront (RF), and RightRear (RR),
respectively. InFigure4-35, the cross mark denotes the center of gravity of the payload with a

value represented by W.

L1 L2

|

L4

L3

Figure4-35. Schematics Diagram for Truck Payload

The measured strain gauge voltageonvertedo weight,and hencehe load applied to each

suspensiors calculated, thethe gross payload W is calculated usirtg &3).
0 0 0 0 W (4-3)

Where:W is the gross payload weight in KB,r , Prr, P.r, Prr are the measured weight

in Kg at the left front, right front, left rear and right rear truck suspensions respectively.
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The Payload volumis calculated from the measured load weight using E4).(4

@ YO QO@D O ¢ | (4-4)

Where:
WyrossiS the gross payload weight in Kg.,
Wiruck bediS the weight of the truck bed in Kg., and
I'soi IS the soil density in Kg/m3.

After calculating the load volume, a Kalman filter is applied to the measurement to reduce the

error in the measurement. The Kalman filter is modeled as following:
w 0O P L @ (4-5)
Where:
w is thecurrent volume measurement,
0 is Kalman gain, and
@ is the previous volume measurement.

4.7.4 Data Fusion Algorithm

Accurate identification of equipment modes of operations is crucial for realistic productivity
estimates of ongoing earthmoving operatidbbserving trends and patternstie sensor data
enables better identification of equipment modes of operations. However, these data are collected
from multiple sources, which are heterogeneous and diverse in nature, content and format.

Therefore, data f&ion algorithms are required to stitch these data together and extract
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information pertinent to equipment modes of operation, leentte enablbetter estimation of

activities start, finish, durations and resource utilization.

Typical earthmoving hauling equipment (dump truck) has seven modes of operation: queuing for
loading, loading, travelling, queuing for dumping, dumping, returning andfesgrvice. These
modesare repeatedegularly by a truck in earthmoving operatidrhe developed data fusion
algorithm provides joint assessment of the data captured by the seven sensors integrated in the
SA-GPS prototype as shown kigure 4-36 (Ibrahim & Moselhi, 2014h)This is carried out by

the 14 ifthen rules shown irfrigure 4-37 and listed in Appendi G. The sensor raw data is
aggregated, filtered and transformed into logical levels. The logical representation of collected
sensors data is passed onto the reasoning engine which performs logical reasoning against the

pre-set modes of operations.
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Figure 4-36: Hauling Truck Modes of Operatiofrahim & Moselhi, 2014b)
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For example, a dump truck is identified as being loaded if it is in the cut area, its speed is below
zero speed, it is in proximity to a loader, the loader is busy by detecting its boom angle and
bucket height, and its load weight is increasi@gnilarly, if the truck is travelling with speed

higher than zero speed and its load weight is near maximum, then it can be identified as hauling

task.
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Figure4-37. Hauling Truck's Modes of Operation Reasoning Engine

Such algorithm does not require faeisting largescale dataset, howeveats main drawback is

its inability to represent uncertainty, but this can be alleviated by integrating fuzzy logics into the

logical approached able4-6 lists the seven modes of operation and the sensors readings during

these modes.
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Table4-6: Haul Truck Modes of Operation

Mode d Location Speed| Load | Proximity | Tilt Angle Previous
Operation Weight State
Load Queue Loading =0 °0 Trucks =0 Return
Area
Load Loading =0 ++ Loader =0 Return or Q.
Area Loading
Travel Road >0 >0 Non =0 Loading
Dump Queue Dump Area =0 >0 Trucks = Travel
Dump Dump Area =0 -- Spotter >0 Travel or Q.
Dump
Return Road >0 °0 Non =0 Dump
Service Service Areag =0 Any Any =0 Any

An effort was made to enhance the robustness of the developed prototype and to provide fault

tolerance, a fuzzy rule based reasonemgjine was developed in MATLAB and converted to

C++ to be loaded on the microcontroll@he developed fuzzy reasoning ailigiam consists of

the following steps:

i Fuzzification omnsensor node of both the sensor raw values and their differential

variations using membership functions.

1 For simplicity triangle membership functi®ewere utilized.
1 The fuzzified values areroadcasted to the gateway node.

1 The gateway node mergthe single nodes fuzzy values into a multi node fuzzy rules.

These rules have the following structure:

IF (Ti=Loading) or (=Busy Loading ) Then (T = Loading)

Where: Tis Truck number i, and;lis Loader number j.
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Figure 4-38 illustrated the fuzzy reasoning engine for a hauling truck node. Such distributed
reasoning scheme increase the degrereliability and robustness of the developed prototype in

case of a failure in one of the sensors or even the whole node.

Figure4-38: Hauling Truck Fuzzy Reasoning Engine

4.8 Framework Implementation

To link the developed S&PS with the automated framework described in chapter 3, three

algorithms were developed: planning algorithm, progress estimation and forecasting algorithm,
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